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Abstract 
 

Increased offshore mining activities are putting pressure on benthic ecosystems. There is a 

growing need for effective benthic monitoring techniques to assess environmental changes. Current 

benthic survey approaches are based on the collection, identification and enumeration of macrofaunal 

assemblages using microscopy, which is laborious, costly, and solely relies on expert taxonomic 

knowledge. Recent advancements in high-throughput sequencing (HTS) technologies allow for 

species diversity – from bacteria to metazoa – to be estimated rapidly from small amounts of sediment 

using a technique known as environmental DNA (eDNA) metabarcoding. Because of its cost-

efficiency, metabarcoding could represent an appealing option to meet the increasing need of large-

scale environmental surveys and allow for more comprehensive monitoring programs. 

The research presented in this thesis aimed to compare metabarcoding and traditional 

(microscopy-based) approaches for monitoring the impact of offshore oil and gas (O&G) drilling and 

production activities. Different HTS data pre-treatment techniques and the benefits of using both 

eDNA and eRNA were evaluated, in concert with community changes across different taxonomic 

groups (bacteria [16S ribosomal RNA], foraminifera [18S ribosomal RNA] and other meio-infaunal 

taxa [18S ribosomal RNA]). Alternative ways for analyzing metabarcoding data that could provide 

additional information to habitat assessment, such as inferred metabolic pathways and co-occurrence 

network topologies, were also explored. 

The results showed that eRNA data provided stronger correlations between alpha-diversity 

metrics and environmental data, while read abundance information from eDNA may represent a better 

proxy for beta-diversity assessments. Using co-extracted eRNA to trim concomitant eDNA data 

proved to be particularly useful to discard sequence read originating from legacy DNA and or 

PCR/sequencing artefacts, and for improving the overall sensitivity of the metabarcoding approach. 

All taxonomic groups assessed were significantly impacted by O&G activities, with bacteria 

expressing the strongest response, followed by foraminifera, macrofauna (assessed by morphology) 

and meiofauna. Phylogenetic methods predicting the genomic and functional traits of organisms 

improved microbial diversity estimates by adjusting 16S rRNA copy numbers. A specific community 

network ‘signature’ could be associated with impacted sites where the ratio of positive interactions 

was reduced, and the cohesion among community members increased. 

The findings presented in this thesis contribute to the field of marine benthic monitoring and 

demonstrate the considerable value of incorporating metabarcoding methods for effective impact 
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assessment of offshore mining activities. These data extend our general knowledge on metabarcoding 

tools, in particular the intrinsic differences between eDNA and eRNA data and the advantages of 

analysing them simultaneously. This work also highlights the benefits of using predictive genomic and 

co-occurrence network information to complement traditional taxonomic composition analysis. These 

results suggest that when assessing the impact of O&G activities on eDNA and eRNA signals, 

metabarcoding is at least as effective as traditional morphological surveys, represents a more 

encompassing approach, and increases the ability to identify and characterize environmental changes. 
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Chapter One 
Introduction 

 

1.1 Offshore mining activities 

With diminishing onshore mineral reserves, offshore and deep-water production is expected to 

grow, along with increasing environmental risks over a poorly understood marine ecosystem 

(LUKOIL, 2013; OPEC, 2014). New Zealand’s offshore mining industry has an important economic 

potential and will likely continue playing a major role in the country’s economy in the coming years 

(Venture Taranaki, 2015). Due to the projected continued expansion, increased environmental risks, 

and additional environmental pressure from climate change, there is a growing need for a more holistic 

and integrative concept of ecological monitoring, and a fit-for-purpose monitoring technique that can 

enhance knowledge on potential impacts. 

1.2 Biomonitoring methodologies 

Current methods for assessing benthic impacts at offshore oil and gas (O&G) drilling operation 

sites are costly and time consuming (collection and morphological sorting). They are mostly limited 

to the identification of macro-fauna and frequently achieve low taxonomic level identification (e.g. in 

cases where developmental cycles involve multi-morphological stages), which can result in 

insufficient information to relate causes and effects (Baird and Hajibabaei, 2012; Fišer Pečnikar and 

Buzan, 2014; Hajibabaei et al., 2011). 

Recent breakthroughs in high-throughput sequencing (HTS) technologies allow for taxon 

diversity to be estimated rapidly from small amounts of sediment, using a technique known as 

environmental DNA (eDNA) metabarcoding (Baird and Hajibabaei, 2012; Bourlat et al., 2013; Creer 

et al., 2016; Taberlet et al., 2012a; Wood et al., 2013). Metabarcoding enables the identification of 

organisms without taxonomic expertise by matching short gene fragments (from HTS data) to a 

reference sequence library. Standardized protocols can be developed and the results are defendable 

and auditable (Ji et al., 2013; Valentini et al., 2009). Metabarcoding techniques could provide a suitable 

alternative to ensure appropriate environmental controls are in place as offshore mining activities 

expand. 
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1.3 Aims and objectives 

This thesis primarily aimed to assess the use environmental DNA metabarcoding as a tool to 

characterize and monitor the impacts of offshore O&G activities. This was addressed by 1) collecting 

sediment samples for eDNA and eRNA metabarcoding during routine monitoring surveys of three 

O&G fields, 2) preparing and sequencing HTS libraries for bacteria (16S), foraminifera (18S) and 

other meio-eukaryotes (18S) and, 3) performing a variety of data treatment and analysis techniques. 

The latter was  based on the following objectives:  

• Develop an eDNA/eRNA metabarcoding protocol to monitor benthic health near O&G fields 

The first principal objective was to develop and validate a metabarcoding protocol for the 

collection, processing and analysis of sediment samples isolated across O&G activity gradients. In 

particular, chapter 3 explored the use of benthic Foraminifera (18S rRNA) as a proxy for environmental 

impact in comparison with changes in macro-faunal communities observed using traditional 

(microscopy) approaches. It was hypothesized that foraminiferal communities would be more sensitive 

to O&G environmental impacts and that key foraminiferal taxa indicative of these environmental 

changes could be identified. 

• Investigate eDNA and eRNA information and data treatment options 

The second objective was to compare data obtained from eDNA and eRNA of both bacteria 

and meio-eukaryotes and evaluate the effect of different data treatment options in order to optimize 

the sensitivity and accuracy of metabarcoding (Chapter 4). It was hypothesized that datasets trimmed 

by shared sequences between eDNA and eRNA products would provide more significant community 

shifts between impacted and non-impacted sites, and that eRNA-derived bacterial and eukaryotic data 

would show stronger correlations with environmental variables and macro-faunal communities than 

eDNA-derived data. 

• Perform a cross-taxa eDNA/eRNA metabarcoding evaluation 

The third objective was to compare the sensitivity and consistency of bacterial, foraminiferal 

and eukaryotic communities to measure environmental impacts at O&G sites (Chapter 5). It was 

hypothesized that micro-organisms such as bacteria would be more responsive than macro-organisms 

to environmental changes near O&G platforms, and that microbial community composition would 

represent a better proxy than microbial richness for assessing the extent of O&G environmental impact.   

• Explore metabarcoding data analysis alternatives 

The final objective was to evaluate data analysis alternatives such as metabolic inference 

methods and co-occurrence network properties to assess anthropogenic impacts from O&G (Chapter 

6). It was hypothesized that the functional structure of eDNA/eRNA derived bacterial communities 
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would correlate with environmental conditions, that functional redundancy would be reduced at 

impacted sites, and that a specific network ‘signature’ would be observed in bacterial communities 

near offshore platforms. 

1.4 Thesis format 

This thesis has been divided into seven chapters including this introduction (Chapter 1), a 

literature review (Chapter 2), four stand-alone scientific papers (Chapter 3, 4, 5 and 6), and a synthesis, 

future directions and conclusion (Chapter 7). 
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Chapter Two 
Literature review 

Since the industrial revolution, humanity has been heavily relying on carbon-based energy from 

fossil fuel sources. These resources play a major role in modern society as they represent over 80% of 

our total energy consumption mainly for transportation (U.S. Energy Information Administration [US 

EIA], 2015). Because of their non-renewability and their important negative contribution to climate 

change, significant efforts are deployed worldwide to change this trend. However, strong population 

growth from developing economies and the challenges for sustainable energies to match carbon-based 

energy prices make the transition a tedious and slow process.  

Extraction and exploitation of onshore and offshore O&G resources results in increased stress 

on the surrounding environment. This pressure, originating from operational discharges including 

drilling fluids, cuttings and produced water, can significantly affect exposed marine biota (Iversen et 

al., 2009). It can also impact other economic activities (e.g. fisheries, tourisms) and ecosystem services. 

The resulting environmental impacts may be compounded by other stresses (e.g. higher sea 

temperature and acidity arising from climate change) that need to be considered when developing 

environmental policies (Hooper et al., 2013).  

In New Zealand, monitoring became mandatory for all oil/gas/mineral mining companies in 

2014, under amendments to part 200 of the Maritime Transport Act (now replaced by part 131; 

Maritime New Zealand, 2015). Although efforts are being made to refine monitoring methodologies 

and the environmental legislative framework, important improvements remain to be done to ensure 

adequate protection of the marine environment and to improve public confidence.   

This general introduction will present the aforementioned problematic in detail and introduce 

the current technological and methodological shift occurring in biomonitoring surveys. A global 

outlook of the O&G industry and of its main environmental impacts will be discussed, followed by a 

brief overview of the traditional biomonitoring methodology employed for offshore O&G surveys. 

Recent molecular monitoring techniques that are gradually being integrated into biomonitoring 

programs will be introduced and discussed, along with their associated bioinformatics processes. 

Finally,  the main objectives and structure of this thesis will be concisely outlined. 
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2.1 Outlook of the oil and gas industry 

The prosperity of the O&G industry is closely related to population growth, energy demand 

and technological advances. As for the former, the United Nations Department of Economic and Social 

Affairs (UN DESA, 2013) expects the global population to grow from 7.2 billion to 9.6 billion by 

2050. Most of this rise (96%) should come from developing and newly industrialized countries for 

which an important growth of the middle class is expected (UN DESA, 2013). It is therefore of no 

surprise that by 2040, global passenger car fleet could more than double, reaching nearly 2.1 billion 

cars, mostly powered by a carbon-based energy (Organization of the Petroleum Exporting Countries 

[OPEC], 2014). 

These projected numbers should have significant impacts on future energy demands. In fact, 

the OPEC (2014) believes that the energy demand could increase by 60% by 2040, with fossil fuels 

remaining the principal provision source. While the predicted share of oil to global energy supply 

should slowly decrease due to the downsizing of engines, engine efficiency improvements and a 

growing demand for electric hybridization of car engines, the contribution of gas is likely to show the 

fastest rise (OPEC, 2014). In effect, the gas sector is expected to become the predominant source of 

energy beyond 2040. The International Energy Agency (IEA, 2012) describes it as the Golden Age of 

the gas industry. Due to the fact that combustion of natural gas produces less than 45% CO2 than coal 

and 30% less than oil, it is viewed as a suitable alternative to these primary energies (World Petroleum 

Council [WPC], 2013). As a result, many countries concerned with reducing their national carbon 

emissions could forego important changes, moving from coal-fired power plants to modern natural gas 

centrals. Moreover, natural gas could greatly benefit from technological improvements of its 

transportation and therefore, enhance its commercialization potential and competiveness over other 

primary energies (OPEC, 2014). 

While all fossil fuels derive from extensive organic material buried, heated and pressurized 

under sedimentary rock, the way they are extracted can be classified in two main categories: 

conventional and unconventional. The former refers to crude oil, natural gas and its condensates, 

extracted via natural pressure, manual pumping and/or compression operations. The later applies to all 

other sources (oil sands, extra heavy oil, tight and shale oil and gas, gas to liquid and others) requiring 

special and generally more expensive techniques (IEA, 2016), susceptible of having greater impacts 

on the surrounding environment (IEA, 2012). As conventional sources are slowly decreasing, and hi-

tech production costs are diminishing, unconventional oil and gas should represent more than 70% of 

the increase of liquid hydrocarbons supply by 2025 (LUKOIL, 2013).  
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While reserves of onshore resources will continue to decrease, offshore sources will likely play 

a larger role in energy supply. Meaning that despite their higher cost and operating risks, offshore and 

deep-water production should rise significantly over the years (LUKOIL, 2013). This also implies a 

higher environmental footprint of the industry, with greater risk of environmental incidents. 

2.2 Environmental impacts 

The life cycle of an O&G field site usually takes place over a period of 20-40 years and can be 

divided into three main phases: 1) Exploration drilling and appraisal (4-10 yr.); 2) Production (10-30 

yr.), and 3) Decommissioning. The first two generate a substantial environmental footprint caused by 

physical perturbation and/or chemical toxicity and their impacts are discussed in detail below. 

2.2.1 Exploratory drilling operations 

Of all drilling activity products, spent drilling mud and cuttings constitute the biggest disruptors 

(Cranford et al., 2001; Kingston, 1992). Disposed from platforms to the sea, these wastes generally 

separate in two plumes. The lower plume, consisting of 90% of the discharged material, descends 

rapidly through the water column while the remaining material of the upper plume usually stays in 

suspension in the first 10-20 meters (Ray & Meek, 1980).  

Drilling wastes can affect marine life in different ways. They can induce direct physical and/or 

toxicological effects to organisms or produce environmental changes to their surroundings. These 

impacts mainly occur in the vicinity of the drilling rig, where most of the cuttings precipitate. There, 

changes to sediment particle size distribution and the smothering effect of precipitates can have a 

substantial effect on biota, especially on sessile benthic organisms with limited mobility (Smit et al., 

2008; Trannum et al., 2010).  

From contact with the petroleum resources, drilling wastes often contain significant 

concentration of aliphatic (AH) and polycyclic aromatic hydrocarbons (PAH). Aliphatic hydrocarbons 

mostly affect marine life by their capacity to aggregate and coat with sediments. As for aromatic 

hydrocarbons, they are known for their potential toxic effects on fecundity, behaviour, productivity, 

for their capacity to bioaccumulate along the trophic chain, and for their potential mutagenic and 

carcinogenic effects (Elliott and Griffiths, 1987; International Programme on Chemical Safety [IPCS], 

1998; UNESCO, 1993). Among PAHs, alkylphenols, fluoranthene, phenanthrene and pyrene are of 

most concern to marine organisms due to their documented toxicity (Arukwe, A., Trine C., Walther, 

B. T., Goksoyr, 2000; Bellas and Thor, 2007; Nimrod and Benson, 1996; Soto et al., 1991).  
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When compared to marine sediment, drilling muds and cuttings may also exhibit different 

concentrations of metals (barium, iron, manganese, arsenic, cadmium, chromium, copper, lead, 

mercury, nickel and zinc). Mostly present in the form of insoluble metal sulfides from anoxic 

conditions prevailing in the cutting piles (Grant, 2000), these elements find their origin from the 

reservoir rocks hosting the hydrocarbons. Barite (barium sulfate, BaSO4), however, is a weighting 

agent added in substantial quantity in drilling fluids. As such, its concentration in drilling wastes 

largely exceeds its usual background level (Table 2.1). 

Table 2.1 Mean metals concentrations found in water-based muds and marine sediments. 
Modified from Neff et al. (2000).  

Metals Marine sediments 
(mg/kg) 

Water based muds 
(mg/kg) 

Arsenic 4.2 – 26 4.4 – 10 
Barium 1 – 2,000 12,500 – 179,000 
Cadmium 0.03 – 0.8 0.84 – 1.75 
Chromium 12 – 150 82 – 126 
Copper 7 – 50 24 – 38 
Iron 7,200 – 60,000 0.002 – 27,000 
Lead 2.8 – 33 2.3 – 40 
Mercury 0.003 – 0.2 0.08 – 0.15 
Nickel 6 – 48.4 39 – 51 
Vanadium 25 – 238 46 – 99 
Zinc 15 - 157 126 - 235 

Barium poses negligible toxicity hazard to marine organisms and though it can be found in 

some tissues, its bioaccumulation level is limited (Neff et al., 1989a, b). Nonetheless, barite and 

bentonite are, when in suspension, suspected to have physical effect on filtering organisms and 

especially the gill tissues of fish (Cranford & Gordon, 1991; Cranford & Gordon, 1992; Sprague & 

Logan, 1979; Stevens, 1987; Tagatz & Tobia, 1978).  

The toxicity of other metals is highly dependent on their bioavailability and capacity to 

bioaccumulate. The extent to which metals are bioavailable depends on numerous factors (e.g. salinity, 

redox, pH, bioturbation, their chemical speciation), making it challenging to properly estimate (Bryan 

and Langston, 1992). However, it is recognized that fine-grained and oxidized particles offer the most 

important sources of bioavailable metals (Luoma and Davis, 1983).  

The main concern of metal toxicity from drilling activities arises from old cuttings piles, where 

their concentration level can reach its maximum. Nonetheless, several studies have concluded that 

dispersed metal from drilling activities had little impact on benthic organisms (Bjørgesæter, 2009; 

Grant & Briggs, 2002; Leung et al., 2005; Roddie, 2000).  
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Carbon products as olefin (C16-C18), paraffins (C20-C40) and esters (C8; C12-C14) are 

frequently used in synthetic-based muds. Their presence in drilling waste is known to contribute 

significantly to organic enrichment of sediments (Neff, 2010; Neff et al., 2000). As so, organic 

degradation by microorganisms often lead to hypoxic or anoxic conditions near the rigs, adversely 

affecting macrobenthic communities. Furthermore, bacterial anaerobic activity can foster increased 

hydrogen sulphide (H2S) concentration and souring that can impact marine life and affect the integrity 

of drilling equipment (Suflita and Duncan, 2010; Williamson, 2010). 

In regards to biocides and additives used in drilling muds, their total amount compared to 

hydrocarbons and barite is relatively low and as so, it is believed to have negligible ecological effects 

(Gerrard et al., 1999). 

Most of the drilling wastes quickly sediment around the wells. For this reason, the lower plume 

of discharged material is considered the most important factor of environmental perturbation during 

drilling activities (Neff, 1981). Although high concentration of barium can often be observed up to 

3000 m away from platforms, effects on benthic community structure are generally limited to a 300 m 

perimeter. In this zone, reduced species diversity, increased abundance of opportunistic taxa and 

changes to functional communities (suspension-feeding organisms to deposit feeders) occur (Ellis et 

al., 2012). Toxicological studies from Bakke et al. (1989), Schaanning et al. (2008) and Trannum et 

al. (2010) found that effects on benthic organisms starts to occur when cuttings cap reached 3 mm. 

Such thickness being generally confined within a 100-500 m distance from the wellhead (Carr et al., 

1996; Currie & Isaacs, 2005; Daan, 1996; Ellis et al., 1996; Montagna & Harper, 1996; Neff, 1987; 

Trannum, 2010). In most cases, effects on marine biota are mainly caused by organic enrichment, 

anoxic conditions and alteration to sediment texture (Ellis et al., 2012; Trannum, 2011). While 

sediment toxicity is primarily driven by its hydrocarbon content (Conklin et al., 1983; Grant & Briggs, 

2002), other elements such as bioavailable metals and additive chemicals add to the overall ecological 

effect and cannot be ruled out from monitoring studies.  

Although drilling mud and cuttings contained in the upper discharge plume represent only a 

small fraction (10%) of all drilling wastes, effects on pelagic and sessile filtering organisms are likely 

to occur. Bechmann et al. (2006) and Cranford et al. (1999) have demonstrated that chronic exposure 

to as low as 0.5 mg/L of used water-based muds (WBMs) can have negative effects on scallop somatic 

and growth tissues. According to Neff (1987), such a concentration is typically found inside 1-2 km 

radius from the drilling rig. Following their results, Bechmann et al. (2006) suggested a chronic 

predicted no-effect concentration (PNEC) of 0.08mg/L for suspended cuttings. Again, the effects of 

drilling wastes for both studies were mainly linked to physical stress rather than chemical toxicity and 

in most cases, exposure is of short episodic term. 
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2.2.2 Production activities 

 Just as for the exploration phase, drilling activities (for well development and injection wells) 

also occur during the production process with similar environmental consequences. Yet, another 

substantial source of impacts comes into play. Important quantities of produced water (water naturally 

present in reservoirs and mixed with hydrocarbons) are extracted from oil and gas reservoirs and 

discharged at sea. This water, usually warmer and saltier than seawater (World Petroleum Council, 

2015), also contains a wide range of potentially harmful substances (over 380 inventoried by the 

OSPAR Commission, 2013). Once discharged at sea, these elements incur a range of different 

processes (dilution, evaporation, volatilization, biodegradation, photo-oxidation, 

adsorption/precipitation, etc.) known as weathering. Globally reducing the concentration of active 

compounds in the marine environment, these changes help to decrease the potential toxicity of 

compounds (Neff, 1987). For example, modelling studies of Produced Water (PW) dispersion estimate 

a dilution factor of 30 to 100 within the first tens of meters from the source (Neff, 2002). However, 

the toxicity and concentration of some compounds remains of great environmental concern. 

According to a literature review by Frost et al. (1998), elements of most importance are the 

total hydrocarbons concentration (THC), the monocyclic (BTEX: benzene, toluene, ethyl benzene, 

xylenes) and polycyclic aromatic hydrocarbons, alkylphenols (especially C4-C5; Myhre et al., 2004), 

metals (arsenic, cadmium, chromium, copper, lead, mercury, nickel and zinc), radionuclides (mainly 

radium-226 and radium-228) and chemical products. Table 2.2 compares the concentration of these 

elements in PW and seawater. 
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Table 2.2 Typical composition of produced water discharged from oil fields in the Norwegian sector 
of the North Sea.  

Modified from Bakke et al. (2013). 

Components Seawater Produced water (PW) Ratio 
PW: seawater 

Range Mid Unit Range Mid Unit Mid 
Dispersed oil - - - 15 - 60 44 mg/L - 
BTEX - - - 1 – 67 6 mg/L - 
NPD 9 - 185 88 ng/L 0.06 – 2.3 1.2 mg/L 13,636 
PAH 1 - 45 22 ng/L 130 – 575 468  21,273 
Organic acids (<C6) - - - 55 - 761 368 mg/L - 
Phenols (C0-C4) - - - 0.1 – 43 8 mg/L - 
Barium 22 - 80 29 ug/L 0.2 - 228 87 mg/L 3,000 
Cadmium 4 -23 10 ng/L 0.5 - 5 2  211 
Copper 20 - 500 240 ng/L 22 - 82 10  42 
Mercury 1 - 3 2 ng/L <0.1 – 26 1.9  950 
Lead 20 - 81 31 ng/L 0.4 – 8.3 0.7  23 
Zinc 0.3 – 1.4 0.6 ug/L 0.5 – 13 7 mg/L 12,727 
Iron 1.8 1.8 ug/L 0.1 - 15 4.3 mg/L 2,389 
Radium (226RA) NA - - 1.66 1.66  - 
Radium (228RA) NA - - 3.9 3.9  - 
Manganese NA - - 0.1 – 0.5 0.45 mg/L - 
Berllium NA - - 0.02 0.02 mg/L - 
Nickel NA - - 0.02 – 0.3 0.14 mg/L - 
Cobalt NA - - 0.3 - 1 0.35 mg/L - 
Vanadium NA - - 0.02 – 0.5 0.24 mg/L - 

Aromatic compounds include mono-aromatic elements (BTEX), PAHs of 2-rings compounds 

(NPD: naphthalene, phenanthrene and dibenzothiophene) and 3-rings or more components. The fate 

of these compounds from the point of discharge involves numerous factors but has been summarized 

by Ekins et al. (2005) in the 5 following paths: 

1. Compartmentalization in the environment (dispersion, evaporation or sedimentation) 

2. Biodegradation and chemical oxidation 

3. Bioconcentration (plankton) 

4. Bioaccumulation and biomagnification along the food chain 

5. Elimination by ways of metabolism 

In PW, BTEX are by far the most prominent aromatic compounds (97%), followed by NPD 

(3%) and PAHs (0.2%). Toxicity effects of BTEX on marine organisms include narcosis and alteration 

to cell membrane permeability (especially gills) (Meyerhoff, 1975; Morrow et al., 1975), 

metaphase/anaphase abnormalities and developmental defects (Pagano et al., 1988). Because of their 

high volatility, BTEX quickly evaporate from seawater. Depending on environmental conditions, their 

half-live may range from few days to few hours (Brooks et al., 1984) and their concentration reduces 
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to a 50 000 – 150 000 fold within only a few meters from discharged sites (OGP, 2005). For these 

reasons, and despite the fact that they constitute most of the aromatic compounds, they are rarely 

considered when monitoring the effect of PW (Neff et al., 2011; Neff, 2002; Terrens & Tait, 2013).  

Polycyclic aromatic hydrocarbons on the other hand are much more persistent. They are less 

volatile and water soluble than BTEX and their half-live can range from few hours to several months 

(OGP, 2005). Being ubiquitous environmental contaminants, PAHs have been extensively studied for 

their toxicity effects (see sub-section 2.2.1 for more information). Notwithstanding the fact that they 

represent only a fraction of aromatic compounds, their toxic effects and strong persistence in the 

environment make PAHs one of the highest priority in environmental pollution risk assessments and 

monitoring programs.  

In regards to inorganic elements, Azetsu-Scott et al. (2007) summarize their fate in the three 

different pathways: 

1. Dispersion and dilution in the PW plume 

2. Oxidization/precipitation into insoluble inorganic compounds 

3. Association with oil droplets and accumulation in the water surface-layer.  

In PW, metals concentration and chemical species will depend on the age and geology of the 

reservoir, and the characteristics of the injected flood water (Collins, 1975). Usually, the most frequent 

and concentrated metals are barium, iron, manganese, mercury and zinc (Neff, 1987). Because PW are 

anoxic, some metals such as iron and manganese may be found in solution at higher concentration than 

usual. When they get in contact with oxygenated water, these metals then to precipitate as 

oxyhydroxides. On their way down the bottom, these metals, along with the insoluble barite (BaSO4), 

influence other metals and radionuclides contained in PW by co-precipitation (Azetsu-Scott et al., 

2007; Lee et al., 2005). For these reasons, chemically reactive dissolved metals and radionuclides are 

only slightly present in higher concentration in PW compared to seawater. Therefore, they are not 

believed to pose a serious threat to marine organisms (Neff, 2002). 

Though BTEX, heavy metals and radionuclides play a role in PW toxicity, Frost et al. (1998) 

concluded that it is the water-soluble fraction of PAHs and alkylated phenols that are most likely to 

cause the acute and chronic toxicity of PW.  

As composition of PW greatly vary between sites, it is difficult to estimate their biological 

effects without field-specific data. However, potential negative effects of PW are believed to include 

disruption of early developmental stages of marine organisms (especially plankton), changes in benthic 

community composition and impacts on the sea surface microlayer biota. As platforms offer artificial 

shelter to some fish species (e.g. cod), it is also possible that PW affect these organisms (Cordah, 2003; 

Jørgensen et al., 2002). Nevertheless, field monitoring programs conducted in the Norwegian sector 
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of the North Sea between 1995 and 2003 concluded that PW only representes a minor risk for the 

marine environment (OGP, 2005). The same conclusions also emanated from a field study jointly led 

by the oil and gas industry and the US Environmental Protection Agency in the mid-90s in the Gulf of 

Mexico (OGP, 2005). 

2.2.3 Synthesis 

The overall environmental impacts of drilling and production activities include physical 

smothering by sediment and aliphatic hydrocarbons, directly induced toxicity from heavy metals, 

radionuclides, PAHs, biocides, additives, and indirectly induced toxicity from anaerobic 

biodegradation and souring. Since most of these effects occur simultaneously, it is important to 

consider their cumulative impact on marine organisms. Stress emerging from climate changes also 

adds up to the overall effects of toxicants and variations in factors such as temperature, oxygen 

concentration and pH can greatly affect toxicity of chemicals (Bijma et al., 2013; Coelho et al., 2013; 

Holmstrup et al., 2010; Noyes et al., 2009). Figure 2.1 displays the stressors and their interactions 

impacting the marine ecosystem near offshore platforms.  

 

Figure 2.1 Environmental stressors and their interaction on the marine ecosystem. 
AH = aliphatic hydrocarbon, THC = total hydrocarbon content, PAH = polycyclic aromatic 
hydrocarbon. 
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2.3 Environmental regulatory frameworks 

In order to protect the environment from mining activities, operating parties are usually 

required to develop an environmental management systems (EMS) composed of a series of 

processes/activities that help in identifying and controlling their impacts. Elements composing EMS 

are: ecological risk assessment (ERA), environmental impact assessment (EIA), environmental 

management plan (EMP) and adaptive environmental management plan (AEMP) (Figure 2.2).  

The ecological risk assessment represents the study of all the risks to the natural environment 

that may arise from daily operations (e.g. drilling and production activities) and unpredicted events 

(e.g. oil spill) (Ellis et al., 2014). Occasionally integrated into the EIA, the ERA evaluates the 

likelihood and degree of impact of each threat, allowing the identification of potential problems/effects 

on which the EIA should focus on (Clark et al., 2014).  

As for the EIA, it is responsible for characterising the most important environmental impacts 

of intended activities (which may have been highlighted a priori by the ERA), and in evaluating and 

mitigating these effects prior to the commencement of any other process (Senécal et al., 1999). 

Required under most national legislations, the EIA is a comprehensive exercise playing an essential 

role in the planning phase of any project.  

Following the environmental impact assessment are the EMP and AEMP. The former relates 

to the proposed monitoring program to evaluate, once the project has started, impacts caused by the 

pre-defined activities. Its main objectives are to periodically monitor environmental conditions to 

detect any unexpected trend, determine if the impacts remain inside the projections made in the EIA, 

and identify cause and effect relationships. In the event where effects are stronger than what would be 

expected, an AEMP is used to address the situation (e.g. extended monitoring, mitigation measures). 

As with the ERA, both components are usually integrated into the EIA. 
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Figure 2.2 Schematic presentation of processes in an environmental management system   
 

While some of the mentioned processes are explicitly required by law under applicable 

jurisdictions, some (mainly ERA, EMP and AEMP) may not be prescribed. In such case, these 

elements may (or may not) be referred to in guidelines proposed by relevant environmental authorities. 

Moreover, the regulatory approaches used among countries may vary between prescriptive 

requirements and performance-based regulations. In the first instance, specific technical or procedural 

conditions must be complied to by regulated entities while for the latter, regulations mainly identify 

functions or objectives for which more detailed specifications can be addressed in referenced 

guidelines. 

2.4 Monitoring surveys and methodologies 

Monitoring programs are an essential element of EMP and AEMP and can be divided into three 

main components: baseline survey, which aims to determine environmental conditions prior to the 

beginning of drilling activities; operational monitoring, overseeing volume and concentration of 

discharged material (e.g. production water, drilling mud, plume sediment) and their content (e.g. heavy 

metals, polycyclic aromatic hydrocarbons [PAH], total petroleum content [TPC], etc.); and effect 

monitoring, looking at toxicological effect of discharges, and at physico-chemical and biological 

changes in the environment (Table 2.3). Because details of monitoring procedures can be rather 
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specific, this information tends to figure in guidelines rather than in environmental regulations, 

allowing more flexibility to operators. 

Offshore oil and gas extraction being a mature field of activity, numerous best practice 

guidelines exist for performing monitoring surveys of drilling and production impacts. Some of these 

have been developed by international organizations (e.g. OSPAR Commission, 2014, 2007, 2004; The 

International Association of Oil and Gas Producers [OGP], 2012). These guidelines provide 

comprehensive instructions on baseline and routine surveys, their scope, frequency and time of year, 

sampling methodology, monitored physico-chemical and biological parameters, and data analysis. 

Moreover, most countries have developed their own monitoring guidelines applicable inside their 

respective territorial borders.  

2.4.1 Baseline surveys and in-situ effect monitoring 

Benthic habitats and the water column are the two main ecosystem compartments assessed by 

offshore biomonitoring surveys of O&G drilling and production operations. Various environmental 

monitoring guidelines have been conceived to assist environmental authorities and the industry to 

protect marine habitats (e.g. OSPAR guidelines for monitoring the environmental impact of offshore 

oil and gas activities [OSPAR, 2014]; Offshore environmental monitoring for the oil and gas industry 

[OGP, 2012]). Most of these provide recommendations for determining the monitoring strategy, 

sampling time frame, station position pattern and analytical programs to adopt.  

Biomonitoring of benthic habitats is usually performed by a sediment quality triad approach 

(Chapman, 1990) that includes chemical (total organic carbon, hydrocarbons and synthetic drilling 

fluid and metals) and physical characterization of sediment (color, odor, grain size), toxicity bioassays 

(e.g. MicrotoxTM), and in situ biological assessment of the macrobenthic community (Armsworth et 

al., 2003; Buchanan et al., 2003; OSPAR, 2004). On soft sediment habitats, samples are collected using 

different variations of van Veen grabs at stations allocated on the major and minor flow axis, along 

radial transects originating from the point source. Underwater still images or videos are sometimes 

performed to also document on the epifaunal community (Johnston et al., 2014; Law et al., 2014) 

2.4.2 Shift in the biomonitoring approach 

Biological characterization of benthic communities is the lengthiest and most expensive 

process in benthic habitat assessments due to the need of morphologically identifying organisms 

(Armsworthy et al., 2003; Fernandes et al., 2001; Jones, 2008; Yu et al., 2012). Limited to the 

observation of meio and macro-fauna, its outcomes are highly restricted to a narrow set of taxa 
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(Mueller and Geist, 2016), of which taxonomic level identification remains frequently low. 

Consequently, there is often insufficient information to provide weight-of evidence of causes and 

effects (Baird and Hajibabaei, 2012; Hajibabaei et al., 2011). Since it solely relies on taxonomists’ 

expertise, specimen identification is difficult to standardize and storing specimens for subsequent 

auditing may require considerable space and important quantity of conservative products. Furthermore, 

phenotypic plasticity and lack of morphological disparity between some species can lead to 

misidentification (Fišer Pečnikar and Buzan, 2014), complex developmental cycles involving multi-

morphological stages render identification of some taxa difficult to achieve, and classification of 

damaged or incomplete specimens is often impossible (Fišer Pečnikar and Buzan, 2014).  

In times where ecosystem-based management is being advocated and integrated into 

environmental policies and legislations (e.g. European Union Marine Strategy Framework Directive 

[MSFD], European Union Water Framework Directive [WFD], Convention for the Conservation of 

Antarctic Marine Living Resources [CCAMLR], Canadian Oceans Act: Borja et al., 2010; Mueller 

and Geist, 2016; Murawski, 2007; Ottersen et al., 2011), but where environmental programs and 

monitoring budgets are being cut down to face economic crises/difficulties (Borja and Elliott, 2013), 

it becomes clear that traditional monitoring is ill-suited to the task. 

Important technological improvements in the field of genomics (and more specifically 

sequencing technologies) could make ecosystem-based management feasible and allow for increased 

sampling efforts. One such approach is eDNA/eRNA metabarcoding. Also referred to as 

ecometagenetics (Porazinska et al., 2010) or ecogenomics (Chariton et al. 2010), environmental 

metabarcoding is a relatively recent DNA-based taxon identification approach for simultaneously 

identifying multiple taxa from environmental samples (e.g. sediment, water, air) (Bohmann et al., 

2014; Ji et al., 2013; Taberlet et al., 2012). Based on a methodology that assigns a specific and short 

DNA fragment (DNA barcode) to species (Barcoding: Hebert et al., 2003), metabarcoding benefits 

from technological development in sequencing technologies, namely Next-Generation-Sequencing 

(NGS) or High-Throughput-Sequencing (HTS), that can now cheaply and rapidly process important 

volume of DNA and RNA sequences (Bik et al., 2012; Hajibabaei et al., 2011; Taberlet et al., 2012; 

Wood et al., 2013). 

Numerous advantages favour environmental metabarcoding over traditional methodologies. 

Using a DNA-based taxon identification makes it less reliant on taxonomic expertise, it overcomes 

challenges of morphological identification aforementioned, protocols can be developed, results can be 

easily audited, and it greatly enhances identification accuracy (Bourlat et al., 2013; Sweeney et al., 

2011). Although estimation of species abundance remains a challenge (Amend et al., 2010; Wares and 

Pappalardo, 2015; Weber and Pawlowski, 2013), barcoding identification of bulk samples significantly 
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increases sample information content by allowing the characterization of entire biota, from microbes 

to metazoans (Baird and Hajibabaei, 2012; Bourlat et al., 2013; Ji et al., 2013). 

Microorganisms are particularly useful in molecular-based biomonitoring as they are abundant, 

diverse and ubiquitous in marine sediment (Alve, 1995; Pawlowski et al., 2016b; Yanko et al., 1999). 

Moreover, they show sensitivity to a wide range of pollutants including oil discharge and heavy metals 

(Bergin et al., 2006; Jorissen et al., 2009). Microbial populations are well known for their capacity to 

respond rapidly to environmental changes and may have a greater potential than macro-fauna and 

plants for pollution assessments (Giller et al., 1998; Hicks, 1991).  

Recent investigations in Scotland (UK) and in New Zealand fish farm operations using 

metabarcoding demonstrated that foraminiferal and bacterial eDNA/eRNA can be successfully used 

for assessing various pollution impacts across environmental gradients (Dowle et al., 2015; Pawlowski 

et al., 2014; Pochon et al., 2015). Collectively, these studies indicate that by targeting a range of key 

bioindicator taxa, environmental metabarcoding can provide a robust surrogate approach to measuring 

benthic impact from marine industrial activities (e.g. Keeley et al., 2017). Such molecular tools have 

never been tested for monitoring offshore oil and gas activities. 

The most commonly used NGS platforms being commercialized are: Ion TorrentTM and 

IlluminaTM. Although these platforms differ in their overall cost, duration of analysis, read length (150 

to 1000 base-pair [bp]) and number of reads per run, they all require polymerase-chain-reaction (PCR) 

amplification of the targeted genes (Bleidorn, 2015).  

Amplicon preparation is a tedious process that can introduce substantial biases in the enriched 

product and since important and more accurate barcode regions (e.g. mitochondrial cytochrome c 

oxidase I [COI]) are composed of several hundred bp, these cannot be completely covered by most 

second generation NGS platforms. However, sequencing technologies are evolving fast and a third 

generation of sequencing platforms (Single Molecular Real-Time [SMRT] sequencing by Pacific 

Biosystems [PacBio]; nanopore sequencing by Oxford Nanopore Techniques [ONT]; ) is expected to 

become more and more popular as they evolve (Bleidorn, 2015). Capable of performing sequence 

analysis of reads length over 54 kbp, these methods do not require amplification of targeted genes, 

resulting in faster, cheaper and more versatile metabarcoding analysis. Nonetheless, the relatively high 

cost associated with PacBio sequencing, and the poor accuracy and low throughput of the ONT 

technology, which is gradually decreasing with the development of error correction algorithms, still 

represent obstacles to their main stream adoption (Lee et al., 2016).  
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2.4.3 Bioinformatics, limitations and perspectives 

Bioinformatics, the treatment of sequenced data prior to data and statistical analysis, constitute 

a critical part of NGS data analysis. Sequenced data usually undergo a certain number of filtering steps 

in order to remove 1) low quality reads, 2) artefacts (e.g. nucleotide substitutions or omissions and 

incorrect base calls) and 3) chimeras (junction of incomplete sequence extensions from different 

biological templates) introduced during the PCR and sequencing steps (Acinas et al., 2005; Aird et al., 

2011; Haas et al., 2011; Quince et al., 2011; Schenll et al., 2015). Following the filtering steps, 

sequences are generally clustered by similarity into Operational Taxonomic Units (OTUs) – proxies 

for species – by either using a reference-based (using known sequences as OTU seeds) or denovo (eg. 

using the most abundant unique sequences as seeds) approach. Artefacts and chimeras are particularly 

problematics when clustering with a denovo method as it can create new erroneous OTUs. In the last 

few years, a plethora of tools have been developed to ‘denoise’ sequencing data (e.g. Amir et al., 2017; 

Callahan et al., 2016; Edgar, 2016). As an additional measure to remove spurious sequences, rare 

OTUs are also often removed from datasets, usually using a read abundance threshold (Bálint et al., 

2016). Despite these methods, erroneous sequences may remain after post-sequencing data processing 

and may limit the conclusions derived from such information, especially when rare taxa are of interest. 

Furthermore, the lack of consensus regarding the denoising and sequence clustering methodology to 

use often hinder proper comparison between studies. Another critical step of bioinformatics is the 

taxonomic assignment of each unique sequence or OTU. Again, there exist multiple algorithms and 

reference databases to choose from and which can have a substantial effect on results (Balvočiūtė & 

Huson 2017, Richardson et al., 2017). As the field of metabarcoding matures, with algorithms reaching 

their optimization limit and databases becoming more exhaustive, limitations associated with 

bioinformatics process should progressively subside. 

2.5 New Zealand’s case study 

2.5.1 Overview 

New Zealand’s Exclusive Economic Zones and Continental Shelves is one the largest in the 

World and with its eighteen sedimentary basins spanning over 1.2 million square kilometers, the 

country has high potential for the oil and gas industry. In 2013, approximately 13 million barrels of oil 

and 208 petajoules of gas were produced, directly contributing to $1 billion of NZ Gross Domestic 

Product (GDP). The Petroleum Exploration and Production Association NZ (PEPANZ), which 

constitutes the national body representing the upstream O&G industry since 1972 estimated the annual 
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tax contribution of the industry to $300 million, adding to the $371 million of paid royalties and 

resource levies for 2014. Considering that oil represent NZ 4th highest export earner and that O&G 

exploration and production approximately contributes to 5 000 direct and 12 000 indirect jobs, the 

O&G industry clearly plays a substantial role in NZ’s economy (Venture Taranaki, 2015). 

Currently, there are twenty producing oil and gas fields in the country, all of which based in 

the Taranaki basin. Of these, five are located offshore: the Tui and Maari-Manaia oil fields, and the 

Maui, Pohokura and Kupe gas fields (Figure S1). New Zealand offshore mineral resources are still 

considered underexplored when compared to analogous basins overseas and could yet hold important 

potential reserves (Venture Taranaki, 2015). In 2012, only 13% of the NZ Exclusive Economic Zone 

(EEZ) sea floor had been mapped (New Zealand Government, 2012).  

Aware of the growth potential that represents the O&G sector, the New Zealand government 

implemented the Petroleum Action Plan in 2009, and placed the O&G development as a key priority 

in its Business Growth Agenda of 2012 (Ministry of Business, Innovation and Employment, 2009; 

New Zealand Government, 2012). Both measures intending to improve knowledge of New Zealand’s 

petroleum resources and promote further investment. Furthermore, the government spent $8 million 

in data acquisition programs over the past few years (New Zealand Government, 2014) and 

commissioned prospective analysis from GNS Science (2009) and Woodward-Partners (2011) to 

confirm the potential of finding substantial reserves in NZ sedimentary basins.  

2.5.2 Environmental legislation framework and monitoring plan 

In New Zealand, all petroleum resources are owned by the Crown, and prospection, exploration 

and mining activities require, under the Crown Mineral Act (1991), a permit from New Zealand 

Petroleum and Minerals. Mining companies operating and discharging waste in the Exclusive 

Economic Zone (EEZ) are also required to submit, under the Environmental effects – Discharge and 

Dumping regulations 2015 of the EEZ act (LI 2015/228), a marine discharge consent. The consent 

must usually include an environmental monitoring program (EMP; previously specified under rule 

200.25 of Marine Protection Rules) that can test the predictions of the EIA and help determine if, in 

the context of the project, environmental impacts are tolerable or whether mitigation measures should 

be taken. Ecological monitoring null hypothesis or thresholds that could trigger adaptive management 

measures are not specified under the EEZ Act, and no specifications are provided for the realization 

of the environmental monitoring program. Instead, operators are suggested to follow best practice 

guidelines like the one proposed by the Maritime New Zealand (2006), or the more recent and 

exhaustive Offshore Taranaki Environmental Monitoring Protocol (OTEMP) (Johnston et al., 2014). 
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Based on earlier environmental monitoring assessments applied in the region, the current version of 

the OTEMP is specifically designed for monitoring soft sediment substrate and for assessing benthic 

macro-faunal communities. 

2.6 Synthesis 

This chapter demonstrated that despite important changes occurring in the energy sector, the 

demand for offshore oil and gas resources should continue to rise in the near future, along with 

increased anthropogenic pressure on marine ecosystems. It showed that a significant change is taking 

place in biomonitoring surveys with the recent development of powerful molecular technics such as 

eDNA metabarcoding. This method as the potential to rapidly and economically process important 

number of samples and overcome many limitations associated with morpho-taxonomic 

characterization of macro-faunal communities. However, the suitability of eDNA metabarcoding to be 

used in routine benthic surveys to characterize the effects of O&G operations remains to be evaluated. 

The following chapters will aim to investigate and discuss this issue by testing the hypothesis 

formulated in the previous chapter.  
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3.1 Introduction 

The demand for oil is expected to increase by 18.7 million barrels per day (mb/d) over the next 

25 years, reaching 111 mb/d by 2040 (Organisation of the Petroleum Exporting Countries [OPEC], 

2014). Moreover, the gas sector is expected to become the predominant source of energy beyond 2040 

(International Energy Agency [IEA], 2012), and offshore and deep-water production will continue to 

rise as onshore reserves diminish (LUKOIL, 2013). As offshore oil and gas production rises, the need 

for effective benthic monitoring that can provide early detection of environmental changes will be 

increasingly important. Currently, benthic monitoring of these environments involves the sorting, 

identification and enumeration of macro-faunal assemblages using microscopy. This approach is 

laborious, costly, and relies on expert taxonomic knowledge (Borja et al., 2009; Fernandes et al., 2001). 

Recent breakthroughs in high-throughput sequencing (HTS) technologies allow for species 

diversity to be estimated rapidly from small amounts (2-10 g) of sediment using a technique known as 

environmental DNA (eDNA) metabarcoding (Baird and Hajibabaei, 2012; Bourlat et al., 2013; Dowle 

et al., 2015a; Taberlet et al., 2012). Metabarcoding enables the identification of organisms without 

taxonomic expertise by matching short gene fragments (from HTS data) to a reference sequence 

library. Standardized protocols can be developed and the results are defendable and auditable (Ji et al., 

2013; Valentini et al., 2009). These qualities make metabarcoding a cost-effective, reliable and rapid 

option to meet the increasing need for large-scale environmental impact assessments. Although the 

lack of reference sequences in barcoding libraries still represent an impediment to routine 

implementation of HTS methods, the continued improvement and accessibility of genomic tools is 
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rapidly increasing the number of DNA barcodes available, which will reduce taxonomic assignment 

issues (Cristescu, 2014).  

Metabarcoding studies of macro-fauna have generally been limited to free DNA (extra and 

intracellular DNA from dead cell [e.g. feces, urine, moult, mucus; Taberlet et al., 2012]). Conversely, 

studies on meio and microfauna can be either based on external and internal DNA, and RNA (e.g. 

Dowle et al., 2015b; Lejzerowicz et al. 2013, 2014). Due to the persistence of DNA in the environment, 

eDNA samples may reflect living and dead assemblages, creating biases when performing ecological 

surveys (Lillis et al., 2009; Mengoni et al., 2005). RNA degrades rapidly and is therefore more likely 

to provide an accurate assessment of the living organisms in a sample (Lillis et al., 2009; Pawlowski 

et al., 2014a; Pochon et al., 2015). 

Foraminifera are an abundant group of protists (up to thousands of individuals per 10 cm3)  that 

form an essential component of marine sediment communities (Murray, 2006; Sen Gupta, 2002). 

Feeding mostly on bacteria and detrital material, Foraminifera significantly contribute to the carbon 

cycle by converting organic particles into biomass (Gooday et al., 1992). An important diversity of 

organisms also feed on Foraminifera and as such, they can represent an influential link between the 

different trophic levels of the food web (Gooday et al., 1992; Sen Gupta, 2002). Foraminifera are 

responsive to local conditions and have shorter life-cycles than macro-fauna, making them good 

indicators of current and recent environmental perturbations, including organic enrichment, oil 

discharges, metal contamination and physical disturbances (Alve, 1999; Bergin et al., 2006; Casey et 

al., 1980; Ernst et al., 2006; Mojtahid et al., 2008). They have also been shown to display slightly 

higher sensitivity to oil-based drilling mud than macro-fauna (Denoyelle et al. 2010). Additionally, 

mineral-walled forms of foraminifera leave a microfossil record that can provide data for pre-pollution 

assessment in cases where no baseline studies are available (Ernst et al., 2006; Hayward et al., 2004; 

Hess et al., 2013; Schafer, 2000). 

An extensive database of foraminiferal DNA sequences has been accumulated over two 

decades of research (Pawlowski et al. 2014a), providing a solid taxonomic framework for 

comprehensive metabarcoding. Diversity surveys using metabarcoding on environmental DNA 

(eDNA) have dramatically changed traditional taxonomic notions of foraminifera. For example, eDNA 

analysis has revealed an unexpectedly high diversity of monothalamous (single-chambered) 

foraminifera in benthic ecosystems (Lecroq et al., 2011; Pawlowski et al., 2011). Foraminiferal 

metabarcoding has recently been applied to assess the impact of salmon farming activities in sheltered 

fjords, where communities and species-specific responses strongly correlate to organic enrichment, 

especially when using eRNA (Pawlowski et al., 2014b; Pochon et al., 2015). This provided the impetus 

to explore the use of this molecular monitoring tool to measure the impact of a wider range of 
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perturbations in the marine environment.  

In this study, we investigated, for the first time, the use of foraminiferal metabarcoding to assess 

the impact of exploratory offshore drilling activities. The overarching aim was to determine whether 

foraminiferal metabarcoding can be used to detect shifts in overall communities or identify key 

bioindicator taxa, which align with variation in the environmental gradients associated with this type 

of industrial marine activity.  

Biological samples (foraminiferal and macro-faunal assemblages) and physico-chemical data 

were collected along transects radiating to the north and south of two oil wellheads (WHs) drilled off 

the Taranaki region, New Zealand. Both sites were characterized by coarser sediments, hypoxic 

conditions, low organic content, and higher concentrations of barium and arsenic at their WHs (Skilton 

et al., 2015). We hypothesized that: (1) environmental foraminiferal DNA and RNA (eDNA/eRNA) 

assemblages would show stronger responses than macro-fauna to shifts in environmental conditions 

caused by oil and gas operations, and (2) key foraminiferal taxa could be identified that were indicative 

of these environmental changes. 

3.2 Material and Methods 

3.2.1 Field sampling 
 

 The study area was located 35 km off the west coast of New Zealand’s North Island, in the 

South Taranaki Bight (Figure 3.1A). In this region, the seabed is mostly uniform, consisting of soft 

sediment and with water depth ranging between 120 to 130 m. Between May and June 2014, well Oi-

1 (39°21'019''S, 173°20'027''E) was drilled and 319 m3 of water-based drilling mud and cuttings 

material were discharged at sea from the platform (Skilton et al., 2015) using the process described in 

Govier and Calder (2013). Due to drilling difficulties, another well, Oi-2 (39°20'955''S, 173°20'087''E), 

was spudded 150 m northeast of the former between June and July 2014, with the additional release 

of 243 m3 of drilling material (Skilton et al., 2015). 

The methodology used for sampling was based on the Offshore Taranaki Environmental 

Monitoring Protocol (OTEMP; Johnston et al. 2014a). It consists of a distance-graded sample station 

allocation. In this specific area, the north-south axis constitutes the main trajectory along which 

deposition of drilling mud and cuttings occurs (MetOcean Solutions Limited [MSL], 2013). Sampling 

stations were overlaid along this axis with the drilling rig located at the center (Figure 2.1B). Twelve 

stations were sampled at Oi-2. One of these stations was directly adjacent to the drilling site. These 

samples provided a unique opportunity to study potential impact at sites close to WHs. Most 

monitoring programmes are unable to obtain samples within a 250 m radius from WHs. In this study, 
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it was possible to obtain these samples because the sites were used for exploratory purposes only, and 

all activity ceased shortly after drilling. The remaining stations were located both northward and 

southward from the WH at approximately 100, 250, 500, 1000 and 2000, and one station situated at 

4000 m northward from the WH. Two other stations were centered around Oi-1, one at the WH and 

one 100 m south. Two control sites were located 15 km south-east and 50 km south-west of the WH 

respectively (Figure 3.1). 

 

Figure 3.1 Site map indicating: A) study site situated in the Taranaki Bight.  
The green open circle shows location of the Oi operation site; black open circles show locations of 
north and south controls. B) The Oi operation site with typical arrangement of the sampling stations 
(full circles) with numbers corresponding to the distance to drilling wells (Oi-1 and Oi-2) along the 
major water flow axis (modified from Johnston et al., 2014). 
 

Using a modified stainless steel double van-Veen grab (Johnston et al., 2014), a total of 51 

sediment samples were collected between August and October 2014, corresponding to 17 stations in 

triplicate (i.e., the grab was sent three times to the seafloor at each station; Table S1). To avoid creating 

a bow wake effect and disturbing the top sediment layer, the grab sampler was deployed and retrieved 

at a constant rate of 0.3 m/s. Upon retrieving the grab, the surface was inspected, and samples only 

taken when the surface sediment was undistributed. The grab is divided into two compartments. The 
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full contents of the first compartment was sieved through a 500 µm mesh and preserved in 70% ethanol 

for analysis of macro-faunal communities. Subsamples (2 g) of undisturbed surface sediment 

(approximately 1 cm depth) were collected from the second compartment for foraminiferal 

eDNA/eRNA metabarcoding. These samples were placed in Life GuardTM Soil Preservation Solution 

(5 ml; MoBio, USA) using disposable gloves and spatulas, stored on ice during transportation to the 

laboratory and kept frozen (-20 °C) until further processing. The remainder of the second compartment 

was sampled for the analysis of sediment texture, organic content or ash-free dry weight (AFDW), 

trace metals (arsenic [As], barium [Ba], cadmium [Cd], chromium [Cr], copper [Cu], lead [Pb], nickel 

[Ni], zinc [Zn], mercury (Hg)), screen metals (manganese [Mn], iron [Fe]), polycyclic aromatic 

hydrocarbons (PAHs) and total petroleum hydrocarbon (TPHs).  

3.2.2 Laboratory analysis 

Samples processing 

Grain size analysis was performed by Resource and Environmental Management Ltd (REM) 

based in Nelson, NZ, following the protocol described in Skilton et al. (2015). Sediment classes were 

determined using the Wentworth grain size classification (Wentworth, 1922). All chemical analyses 

of sediment samples were performed by Hill Laboratories Ltd (Blenheim, New Zealand), following 

analytical methods described in Skilton et al. (2015). A summary of the analytical methods and their 

detection limit used for the physico-chemical characterisation of sediments is provided in 

supplementary information (Table S2). 

Taxonomists from REM sorted, identified and enumerated macro-faunal organisms to the 

lowest possible taxonomic level (Macro-fauna Count Data; MCD). Information on taxa detected and 

their abundance per sample can be found in supplementary information (Table S3).  

Total DNA/RNA co-extraction from each sample was performed using the PowerSoilTM Total 

RNA Isolation Kit and the DNA Elution Accessory Kit (MoBio, USA) following the manufacturer 

instructions. The quality of DNA and RNA was assessed on 1.5% agarose gels and using a 

Nanophotometer (Implen, Munich, Germany). To ensure complete elimination of trace DNA in 

isolated RNA, samples were submitted to two sequential DNase treatments as described in (Langlet et 

al., 2013). Treatment efficiency was then verified after PCR amplification (50 cycles) using the DNA-

specific foraminiferal forward primer s14F3 (5’ – ACGCAMGTGTGAAACTTG – 3’) and the reverse 

primer s15.3 (5’ – CCTATCACATAATCATGAAAG – 3’), following Pawlowski et al. (2014b). 

Treated RNA was reverse transcribed using the SuperScript® III reverse transcriptase (Life 
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Technologies). All extract products were stored frozen (-20 °C for DNA/cDNA; -80 °C for RNA) until 

further analysis. 

PCR amplification, high-throughput sequencing, and bioinformatic analysis 

Polymerase chain reactions, HTS and foraminiferal metabarcoding data analysis were 

performed as described in Pochon et al. (2015). Briefly, the foraminiferal-specific 37f hypervariable 

region of the nuclear Small Sub-Unit (SSU) rRNA gene was PCR amplified with tag-modified primers 

s14F1 (5’ – AAGGGCACCACAAGAACGC – 3’) and s15 (5’ – CCACCTATCACAYAATCATG – 

3’) from each eDNA and eRNA extract (Tables S4 and S5). These primers are specific to Foraminifera 

(Pawlowski and Lecroq, 2010) and have repeatedly been used to generate metabarcoding data (e.g. 

Lecroq et al., 2011; Lejzerowicz et al., 2014; Pochon et al., 2015). No other taxon than Foraminifera 

has ever been detected in such data as the targeted region of the SSU rRNA gene exhibits a conserved 

part only occurring in foraminiferal sequences (Pawlowski et al., 2014b). From the 51 samples 

processed, a total of 37 PCRs were positive for the eDNA samples as well as 37 for the eRNA samples, 

generating a total of 74 amplicons (Table S1). The two groups of 37 PCR products were treated 

separately for equimolar multiplexing, library preparations using the TruSeq Nano PCR-free Library 

Preparation kit (Illumina), and sequencing on standard IlluminaTM MiSeq flow cells for a 2×151 cycles 

paired-end runs. Raw FASTQ reads were filtered using the computational pipeline described in 

Pawlowski et al. (2014a, 2014b) with the stringent parameters employed in Pochon et al. (2015). The 

analysis pipeline used for OTUs delineation and annotation is specifically tailored to account for the 

rates of evolution and 18S rRNA intragenomic variation that can be measured within and among 

foraminiferal lineages (Lejzerowicz et al., 2014; Pawlowski et al., 2014b). Quality filtered sequences 

were demultiplexed, paired-end assembled, and de-replicated into unique sequences. The unique 

sequences were then compared to an in-house foraminiferal database and clustered into Operational 

Taxonomic Units (OTUs), following the same procedure and parameters as in Pochon et al. (2015). 

The reference database, owned by Prof. Pawlowski at the University of Geneva, is a manually curated 

database resulting from more than 25 years of research (Pawlowski et al., 2014b) and now contains 

1084 non-redundant and phylogenetically annotated sequences obtained from morphologically 

characterized individual single cells representing all currently identified foraminiferal taxa. To 

minimize incorporation of artefactual OTUs due to potential PCR and sequencing errors, foraminiferal 

OTUs not present in both the eDNA and eRNA datasets were removed. The raw FASTQ sequence 

data has been deposited in the Short Read Archive (BioProject PRJNA314935). 
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3.2.3 Data analysis and statistics 

Untransformed numbers of reads per OTU were used to generate rarefaction curves using the 

Vegan package (Oksannen et al., 2007) in R software (R Core Team, 2015). Number of OTUs and 

species, Margalef diversity index, average taxonomic distinctness (taxonomic distance between any 

two organisms randomly chosen in a sample [AvTD]; Clarke and Warwick, 1998) and variation in 

taxonomic distinctness (variance between the AvTD pairwise path lengths [VarTD]; Clarke and 

Warwick, 2001) were calculated separately for each of the eDNA, eRNA and MCD datasets using the 

DIVERSE function implemented in PRIMER 7 (Clarke and Gorley, 2015). The relationship between 

diversity indices and distance from WHs was tested using a distance-based linear model (DistLM; 

Anderson, 2004), using the R2 selection criteria, and 9999 permutations. Previous research has shown 

that most macro-faunal environmental impact occurs within a 300 m radius from the WH (Ellis et al., 

2012). To account for the non-linear relation of the pollution gradient over distance, distance was 

fourth root transformed. 

 Prior to further analysis, sequence abundance per OTU at each station was standardized and 

fourth root transformed; MCD data were also fourth root transformed, following Pochon et al. (2015). 

Bray-Curtis dissimilarity matrices (Clarke et al., 2001) were computed for each dataset (MCD, eDNA, 

and eRNA). 

Dissimilarities between stations were visualized using Principal Coordinate Ordination plots. 

The relationship between community structure with distance from WHs was tested using DistLM as 

described above and compared between datasets.  

Key OTUs that varied in abundance along the impact gradient from WHs were examined with 

PRIMER 7, using a shade plot of the 20 most abundant OTUs in the eRNA dataset. Taxa with a Pearson 

correlation over |0.35| with distance from WHs were retained as potential sensitive or opportunistic 

species. Once foraminiferal indicators were identified, their relative abundance were displayed over 

the PCO analysis of the environmental variables, based on Euclidean distance similarity matrix using 

PERMANOVA+ add-on (PRIMER-E Ltd.) in PRIMER 7.2.4.  

3.3 Results 

3.3.1 Foraminiferal assemblages 
Clustering of operational taxonomic units 

Of the samples (n=51) co-extracted for eDNA/eRNA, 13 failed to PCR amplify for both eDNA 

and eRNA of a given sample, while two other samples did not amplify for either the eDNA or eRNA 

sample, despite multiple PCR trials using serial dilutions of starting eDNA/eRNA material and adding 



Chapter 3: Foraminiferal metabarcoding 

 28 

bovine serum albumin (BSA) to minimize inhibition effects (Table S1). The IlluminaTM MiSeq 

sequencing run contained a total of 162 eDNA/eRNA amplicons, including 88 amplicons that belonged 

to another project and which were therefore excluded from the present study. The raw number of reads 

for the complete sequencing run was 3,718,088 and 3,482,668 for the eDNA and eRNA libraries, 

respectively. These sequence volumes were reduced by 1.3 % and 1.34 % for the eDNA and eRNA 

data sets respectively as a result of a low quality, by 24.3 % and 26.2 % due to poor matching positions 

in the partial overlap of assembled read pairs, by 14.6 % and 13.7 % because the primer sequences 

could not be matched and by 3.2 % and 2.9 % that corresponded to unexpected tagged primers pairs 

(Table S6). From the successfully amplified products (n=74), 431,469 eDNA reads and 319,954 

represented by 136 OTUs remained for downstream analysis after quality filtering and removal of 

OTUs not present in both eDNA/eRNA datasets. Rarefaction curves indicated that the sampling effort 

was sufficient to correctly assess species richness in each sample (Figure S2). 

Taxonomic assignment 

Three main foraminiferal taxonomic groups were identified; monothalamids dominated eDNA 

(88%) and eRNA (75%), followed by the two newly assigned multi-chambered classes globothalamids 

and tubothalamids (Pawlowski et al., 2013; Figure S3). A small proportion of eDNA (3%) and eRNA 

(4%) OTUs could not be assigned to a specific foraminiferal group. These unassigned OTUs 

corresponded to groups of Independent Sequence Units (ISUs) that shared less than 80% similarity 

with every sequence of the reference database.   

3.3.2 Infauna response to drilling activities  
 

 The OTU/species richness and Margalef diversity index were lowest near the WH stations 

(Table 3.1), with the lowest OTUs richness found at Oi-2 WH (n=10 for eDNA, and 13 for eRNA) and 

at Oi-2 N100 (n=14 for eDNA/eRNA), and lowest species richness (MCD) observed at Oi-1 WH (n=7) 

and Oi-2 WH (n=12; Table S7). Taxonomic distinctness indices (AvTD and VarTD) did not show 

strong trends for either RNA or MCD datasets. Significant but weak relationships among distance from 

WHs for OTU/species richness (eRNA: P=0.02, R2=0.31; eDNA: P=0.01, R2=0.21; MCD: P=<0.01, 

R2=0.27) and Margalef diversity index (eRNA: P=0.04, R2=0.28; eDNA: P=0.01, R2=0.21; MCD: 

P=<0.01, R2=0.27) were identified with DistLM (Table S8). Apart from a weak, yet significant 

relationship between eDNA and Lambda+ (P=0.02, R2=0.18), no significant relationship could be 

observed with AvTD and VarTD. Overall, diversity indices derived from the eRNA dataset showed 

the strongest correlations with the spatial gradient, followed by MCD and eDNA, respectively (Table 

3.1).  
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Table 3.1 Diversity and taxonomic distinctness indices along a spatial gradient from wellheads for 
the environmental RNA (eRNA), environmental DNA (eDNA) and macro-faunal count data (MCD) 
datasets.  
Pseudo-F, P and R2 values from DistLM tests using fourth root transformed distance from wellheads 
are provided below. Significant values are shown in bold. 
 
Dist. No. of OTUs 

/species 
Margalef diversity 

index No. of ‘reads’ 
/specimens 

AvTD VarTD 
 

eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD 
0 17 13 10 5.3 3.98 3.68 14757 14465 29 70 56 92 1004 686 242 

100 23 19 21 6.6 5.56 6.46 6680 8017 44 70 70 91 973 1000 265 
250 17 15 22 5.28 4.73 6.74 5384 11038 49 72 70 94 940 1015 194 

500 25 19 26 7.04 5.52 7.63 5962 7283 68 66 68 90 1055 1014 285 
1000 23 17 22 6.82 5.41 6.66 7490 16146 51 69 67 92 986 941 242 
4000 42 29 19 11.02 7.98 6.11 16634 17746 42 63 64 92 1046 1040 268 

Pseudo-F 11.97 7.3 12.39 10.31 7.26 12.34    3.52 1.45 0.08 0.47 6.03 0.23 
P 0.02 0.01 <0.01 0.04 0.01 <0.01    0.08 0.24 0.78 0.50 0.02 0.64 
R2 0.31 0.21 0.27 0.28 0.21 0.27    0.12 0.05 <0.01 0.02 0.18 0.01 

 

DistLM analysis between the Bray-Curtis dissimilarity matrices of foraminiferal assemblages 

and distance from WHs identified a very weak relationship for both eDNA (P=0.02, R2=0.06) and 

eRNA (P<0.01, R2=0.11; Table S8). A similar pattern was observed with macro-faunal communities 

(P<0.01, R2=0.15). 

Because the strongest relationships were observed using the eRNA dataset (Table 3.1 and S8) 

all further analysis was undertaken using these data only. The PCO for foraminiferal assemblages 

showed a clear separation between Oi-2 WH samples and all other stations (Figure 3.2A). 

Foraminiferal assemblages at the Oi-1 WH clustered among the majority of other samples, including 

control sites (Figure 3.2A). In contrast, the MCD data formed two distinct clusters, one including both 

WH stations (Oi-1 and Oi-2) and the other including all other stations (Figure 3.2B).  Overall, 

foraminiferal eRNA data displayed higher variability between replicates than the MCD (Figure 3.2A 

and 3.2B). 
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Figure 3.2 Principal coordinate ordination (PCO) analysis of: (A) foraminiferal eRNA, and (B) 
macrobenthic infaunal assemblages.  
Ctl = control; numbers above icons correspond to the distance to wellheads in meters. 
 

3.3.3 Foraminiferal indicators of impact gradient  
 

Investigation of key foraminiferal OTUs associated with specific regions of the environmental 

impact gradient using a shade plot (Figure 3.3) and a Pearson correlation (>|0.35|: Table S9) of the 20 

most abundant OTUs allowed identification of eight taxa that were identified as either positively or 

negatively impacted by drilling activities. The relative abundance of eRNA reads decreased 

substantially with distance from WHs for the four following taxa: Bathysiphon sp.1 (OTU 32, r = -

0.61), two unidentified globothalamids (OTU 226, r = -0.52 and OTU 234, r = -0.39), and an 

unidentified monothalamid (OTU 313, r = -0.46). In contrast, Reophax sp. (OTU 23, r = 0.48), the 

unidentified monothalamid OTUs 73 (clade Enfor9 [Pawlowski et al. 2014b], r =0.39), 145 (r = 0.44) 

and 297 (r = 0.59) progressively increased in prevalence, especially when the distance from WH was 

>100 to 250 m.  

The PCO analysis highlighted differences in environmental parameters between the WHs and 

other stations (Figure 3.4). In particular, grain size composition was coarser and Ba and As 

concentrations higher at the WHs. Oi-2 WH had the lowest AFDW concentration and coarsest grain 

size of all stations, while Oi-1 WH contained the highest concentrations of Pb, Ni, Zn, Mn and Cu. 

The other stations contained higher levels of Cr and Cd compared to the WHs.  

Of the selected species (Figure 3.3) with a decreasing abundance from the WHs, Bathysiphon sp.1 

(OTU 32) and the unidentified globothalamid (OTU 234) were present at both WHs while the 

unidentified globothalamid (OTU 226) and monothalamid (OTU 313) only occurred at Oi-2 WH 
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(Figure 3.4). For the key taxa associated with increasing relative abundance from WHs, Reophax sp. 

(OTU 23) and the unidentified monothalamid OTUs 73, 297 were absent from both WHs. The 

monothalamid OTU 145 was present at Oi-1 WH but absent from Oi-2 WH. 

 

Figure 3.3 Shade plot of the 20 most prevalent taxa of the environmental RNA (eRNA) dataset over 
a spatial gradient from wellheads.  
Number of eRNA reads were standardized per sample and fourth root transformed. Species with a 
Pearson correlation >|0.35| with distance from wellheads are in bold. 
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Figure 3.4 Principal Coordinate Ordination (PCO) analysis of environmental variables among 
investigated stations (replicates averaged per station).  
Selected Operational Taxonomic Units (OTUs) and physico-chemical variables (Pearson correlations 
>|0.55|) are overlaid to show the trends with individual stations. OTUs with decreasing relative read 
abundance with distance from wellheads are in bold while those with increasing relative read 
abundance are not. The color pie charts represent the relative prevalence of each of ten foraminiferal 
OTUs along the PCO gradient (see legend). 

3.4 Discussion 

Current methods for assessing benthic impacts at offshore oil and gas drilling operation sites 

are costly and time consuming (collection and morphological sorting). They focus primarily on macro-

faunal species and are therefore non-optimal for use in bathysmal (ca. 180 m to 1800 m) and deep-sea 

monitoring (International Association of Oil and Gas Producers [OGP], 2012) where these organisms 

are often scarce and very patchily distributed (Brandt et al., 2014; Gage, 2004; Vrijenhoek, 2009). 

Molecular techniques could provide a suitable alternative to ensure appropriate environmental controls 

are in place as offshore mining activities expand. Foraminiferal metabarcoding is particularly 

appealing as it can be easily applied on small sediment samples using highly-specific primers and a 

well annotated database to rapidly and automatically characterize entire assemblages of foraminifera 

from a large variety of marine ecosystems. Foraminifera are abundant in the marine environment, and 

their small size, ubiquity, and rapid response to a large spectrum of marine pollutants make them 

excellent candidates as bioindicators around oil and gas drilling sites (Denoyelle et al., 2012; Frontalini 
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and Coccioni, 2011).  

 

3.4.1 Response of foraminiferal versus macro-faunal assemblages 

To thoroughly evaluate the response of foraminifera and macro-fauna towards the effect of 

drilling activities, it is important to understand the nature and extent of the environmental impact at 

and around WH sites. In Skilton et al. (2015), environmental variables (PAH, TPH and heavy metals) 

monitored at the Oi sites were found to be under the low values (10% chance to observe biological 

effect) of the Interim Sediment Quality Guidelines (ISQG) defined in Australia and New Zealand 

Guidelines for Fresh Water and Marine Water Quality (ANZECC, 2000). The only station used in the 

present study that had values equal to or slightly higher than the ISQG was Oi-1 WH (21 mg of Ni/kg; 

Skilton et al., 2015). Furthermore, sediment PAH and TPH concentrations were below analytical 

detection levels for all Oi stations (Skilton et al., 2015). Although elevated concentration of barium 

could be found up to 1000 m away from WHs, only stations located inside the 250 m perimeter 

appeared strongly impacted, showing higher concentration of arsenic, coarser sediment, lower organic 

content and hypoxic condition at the WHs (Skilton et al., 2015). 

Despite the weak and spatially limited environmental impact of drilling activities, diversity 

indices of foraminiferal and macro-faunal assemblages demonstrated a significant correlation with 

increasing distance from WHs (Table 3.1). This suggests that foraminifera, similar to macro-fauna, are 

sensitive to the impact of drilling activities, corroborating the findings of previous studies (Denoyelle 

et al., 2010; Duchemin et al., 2008; Durrieu et al., 2006; Jorissen et al., 2009; Mojtahid et al., 2006). 

As none of the metals were present in sufficient concentration to cause significant toxicological 

effects (Skilton et al., 2015), the differences in macro-faunal assemblages among sites was likely due 

to the hypoxic condition caused by the rapid degradation of organic material, and the sedimentation of 

drill cuttings near the WHs. Macrobenthic density and diversity are known to be strongly affected by 

low oxygen concentration, with macro-fauna being progressively replaced by meiobenthic organisms 

in such conditions (Dauer, 1993; Diaz and Rosenberg, 1995; Josefson and Widbom, 1988; Levin, 

2001).  

Conversely, many foraminiferal species seem tolerant to relatively low oxygen concentration 

(Jorissen et al., 2007; Langlet et al., 2014; Murray, 2001). However, changes in grain size of sediment 

may have played an important role in causing the lower OTU richness and different community 

structure found at the Oi2 WH. Several investigations have observed a substantial effect of grain size 

on hard-shell foraminiferal communities although results differ (e.g. Armynot du Châtelet et al., 2004; 
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Diz et al., 2004; Hayward et al., 1996). For example, Diz et al. (2004) found larger and more diverse 

foraminiferal population on sandy grain size in a shallow marine embayment whereas Armynot du 

Châtelet et al. (2009) found greater diversity and abundance on muddy sediment in a similar type of 

environment. For soft-shell foraminifera, Gooday (2002) observed that fine sediment appears to 

increase their diversity and abundance in cold and tranquil settings (e.g. deep sea, fjords, and some 

polar environments). This corroborates our results where the presence of coarser sediment seemed to 

adversely impact OTUs richness near the WHs. 

A notable difference between macro-faunal and foraminiferal assemblages at WHs was that 

foraminiferal assemblages at the Oi-1 WH did not diverge from more distant sites, whereas macro-

faunal assemblages at Oi-1 and Oi-2 WHs differed markedly from all other sites. Apart from the 

possible effect of grain size, a plausible explanation is that at the time of sample collection at Oi-1 

stations, a one-month period had passed since drilling activities. Many species of benthic foraminifera 

complete their life cycle within 2 weeks (Lee et al., 1991) making it possible that they had already 

recolonized the area affected by the drill cuttings. Although some foraminifera (especially larger 

and/or deep-sea species) may live up to 2 years (Boltovskoy and Wright, 1976), their relatively short 

generation time compared with most macro-faunal organisms  likely provides an accurate indication 

of the current state of a site, and this may be an extremely valuable attribute when making 

environmental assessments. This assumption is also supported by Alve (1999) who asserts that in high 

energy environment (bottom current over 20 cm/s), foraminiferal recolonization of habitat can happen 

within few days. In low energy environment (bottom current below 10 cm/s), habitat recovery follows 

the typical metazoan successional pattern (appearance of pioneer and opportunistic species followed 

by more specialized species), which can take up to several years. On Oi sites, the bottom current energy 

is considered to be intermediate (around 7 cm/s to 26 cm/s for most of the time: Govier and Calder, 

2013) and therefore, a slightly faster recovery of foraminiferal communities would be expected.  

Environmental RNA showed stronger correlations with the pollution gradients than eDNA 

(Table S8). This observation is consistent with results obtained by Pochon et al. (2015) and Dowle et 

al. (2015a) and is most likely because eRNA typically provides information on the active proportion 

of the community (Stoeck et al., 2007). Conversely, eDNA can be composed of significant amount of 

extracellular DNA, mirroring former foraminiferal assemblages that were present under different 

environmental conditions (Novitsky, 1986). With foraminifera, this can be particularly problematic as 

their tests tend to accumulate in sediment over time. For this reason, the Foraminiferal Bio-Monitoring 

initiative (FOBIMO; Schönfeld et al., 2012) suggests using living assemblages via rose Bengal staining 

techniques (Walton, 1952) when performing monitoring surveys. Although eRNA likely represents a 

better proxy for assessing actual living organisms than eDNA and should be prioritized when 
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performing molecular monitoring, careful preservation and storage of RNA is necessary to avoid 

degradation. Additional processing time and costs (e.g. reverse trancriptase) are greater than with 

eDNA samples. Further studies are therefore needed to evaluate the pros and cons of using eDNA 

versus eRNA. 

In general, foraminiferal metabarcoding communities within replicates were more variable than 

macro-faunal assemblages. A total of 31% of the eDNA and eRNA samples failed to amplify in spite 

of appropriate measures (serial dilutions of starting eDNA/eRNA templates, and addition of BSA) 

taken to minimize potential inhibition effects of compounds found in these sediment samples. We 

cannot exclude the possibility that the failed amplifications are the result of a degradation of sample 

quality during transport to the laboratory, although an ongoing study using the same samples to amplify 

bacteria and other eukaryotic organisms (Laroche et al. unpublished) indicates that the lack of 

amplification is limited to only a few of these samples (data not shown). Variation within replicates 

and the possibility that foraminifera were absent from some of our samples suggest heterogeneity of 

foraminiferal distribution in deeper-water. Many studies using micropaleontological (Barras et al., 

2010; Bernstein and Meador, 1979; Cornelius and Gooday, 2004; Fontanier et al., 2003; Griveaud et 

al., 2010; Lynts, 1966; Schafer, 1971) and metabarcoding (Lejzerowicz et al., 2014) methods in 

shallow and deep marine water have observed high natural variability in foraminiferal composition. 

However, the micro-patchiness found in our study contrasts with patterns observed by Pawlowski et 

al. (2014a) and Pochon et al. (2015) who used foraminiferal metabarcoding at fish farms (15 to 40 m 

depth), and showed little within site variability. Additionally, they were able to obtain PCR amplicons 

for all eDNA/eRNA samples. Heterogeneity in benthic communities results from a combination of 

variations in sediment characteristics, current flow, and biological relationships (Grassle and Grassle, 

1994; Schafer, 1973; Thiel et al., 1989). In conditions of environmental stability, Schafer (2000) 

observed that biological interactions displace the effect of physical parameters, resulting in increased 

spatial variability of foraminiferal distribution. Sampling of a larger surface area per site may assist in 

reducing the observed ‘patchiness’. 

For safety reasons, sampling stations near offshore platforms are rarely closer than 250 m from 

the wells, perimeter inside which most environmental impacts have been observed (Ellis et al., 2012). 

Therefore, monitored stations are usually characterized by a weak impact gradient and this is also at 

least partly responsible for the observed high heterogeneity in foraminiferal diversity within a site. In 

the present study sampling of an exploratory drilling site provided us with the unique opportunity to 

collect sediment at the WHs. However, exploratory sites are characterized by lesser environmental 

impacts than fully operational platforms due to shorter periods of drilling activities and absence of 

production operations. 



Chapter 3: Foraminiferal metabarcoding 

 36 

3.4.2 Foraminiferal indicators of environmental impact 

Analysis of the shade plots of the 20 most abundant OTUs (Figure 3.3) allowed the 

identification of 8 taxa that showed consistent responses to drilling activities. Taxa with the strongest 

correlation (r > |0.5|) with distance from WHs were, in decreasing order, Bathysiphon sp.1 (OTU 32, 

r = -0.61), the unidentified monothalamid (OTU 297, r = 0.59) and the unidentified globothalamids 

(OTU 226, r = -0.52). 

Of the eight potential bioindicators, none could be identified to species level, and only two 

could be identified to genus level (Bathysiphon sp.1 [OTU 32] and Reophax sp. [OTU 23]). The 

difficulty in assigning foraminiferal OTUs to species level contrasts with the previous findings of 

Pochon et al. (2015) from shallow and sheltered water environments in the Marlborough sounds, and 

likely reflects the considerable lack of comparative genetic data available for foraminiferal assemblage 

in offshore habitats around New Zealand. As advocated in Drummond et al. (2015), increasing the 

number of markers could help provide a more comprehensive taxonomic signal. However, the few 

alternative markers that have been explored for foraminiferal metabarcoding (actin, tubulin, and 

ubiquitin) are too conserved to be useful for species-level analysis (Flakowski et al., 2006; Pawlowski 

and Holzmann, 2008; Pawlowski et al., 2014b). To date, the 18S rRNA marker and the fully functional 

database and pipeline remain the most effective way for characterizing entire foraminiferal 

assemblages in marine sediment (Pawlowski et al., 2016), and it is therefore essential to keep 

characterizing new foraminiferal species and extending this valuable database. 

The PCO analysis of environmental variables (Figure 3.4) showed some characteristic 

distinctions in OTUs relative eRNA abundance between the two WHs. Firstly, from the taxa identified 

as “tolerant”, OTUs 32 and 234 were present at the two WHs, while OTUs 226 and 313 were absent 

from Oi-1 WH, possibly indicating sensitivity to high metal concentration or preference of coarser 

sediment. Secondly, OTUs 23, 73 and 297 classified as “sensitive” taxa were absent from both WHs, 

indicating strong sensitivity to sediment perturbation and/or metal concentration. In contrast, OTU 145 

was absent from Oi-2 WH, but present at Oi-1 WH, suggesting possible responsiveness to changes in 

grain size. Despite the clear dominance of monothalamid foraminiferal OTUs in benthic marine 

ecosystems (Lecroq et al. 2011; Pawlowski et al. 2014a; Pochon et al. 2015) and the particularly good 

response of monothalamids to perturbation (e.g., OTUs 73, 145, and 297; this study), this is an 

important group of foraminifera which diversity has been largely unexplored (Pawlowski et al. 2014b). 

A PhD project focusing on the morphological and molecular characterization of monothalamids is 

currently underway in the Pawlowski’s lab (Pawlowski, pers. comm.), which may provide valuable 

information for future work.      
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Without further taxonomic information on OTUs 73, 145, 226, 234, 297 and 313, comparison 

with known ecological information on these taxa is not possible. Bathysiphon species are well-known 

for occupying deposit-feeding niches (Landing et al., 2012). Because they mainly feed on detritus and 

bacteria (Duffield et al., 2014) this may give them the ability to thrive in low organic content conditions 

such as those observed near the WHs. Bathysiphon tests are made of agglutinated material (micaceous 

scales or quartz grains) instead of calcium carbonate (Cole and Valentine, 2006; Sen Gupta, 2002). 

This may render Bathysiphon species less susceptible to dissolution due to the high concentration of 

H2S and low pH conditions occurring near drilling platforms, although additional studies will be 

required to test this hypothesis. Members of the agglutinated morphogroup, Reophax spp. display small 

and elongated physiology, and have been previously characterized as infaunal opportunists by 

Kaminski et al. (1995, 1988). It is therefore surprising to observe a negative correlation of their relative 

abundance with proximity from WHs. 

While the high relative abundance of specific OTUs may indicate tolerance towards drilling 

activities, it could also result from increased stress through enhanced reproduction (Ernst et al., 2006). 

Therefore, caution must prevail before asserting the actual effect of drilling operations on the selected 

taxa.  

It is imperative that additional comparable surveys be carried out in order to confirm the 

relevance of these OTUs as accurate proxies of environmental impacts from marine drilling operations. 

Efforts to supplement reference database with samples from the Taranaki Basin would also assist in 

improving taxonomic assignments. 

3.5 Conclusion 

Metabarcoding offers significant potential for reducing the costs and processing time 

associated with identification of benthic biota at offshore mining sites. Foraminifera are important 

members of benthic ecosystems, being sensitive to environmental changes, and possessing short life 

cycles. Monitoring their communities provides a number of advantages over benthic macro-fauna and 

their fossilization potential allow for pre-pollution assessment when no baseline data is available. 

In this study, morphologically identified macro-fauna, and genetically identified foraminiferal 

assemblages (eDNA/eRNA) showed similar responses to drilling activities, with the main difference 

occurring at the Oi-1 well. This probably occurs because of differences in grain size and of the shorter 

generation time of foraminifera. This highlights how different taxa and techniques can provide 

complementary information that enables a holistic overview of current and previous impacts at a site. 

Within site variability was greater for foraminifera and suggests the need to adapt sampling 
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methodologies to account for the natural patchiness found at these relatively deep and low-impacted 

environments. 

The eRNA displayed slightly better relationships with environmental variables and may be a 

better proxy for understanding the current level of impact - further studies are required to confirm this. 

Eight taxa were identified as potential indicators of a perturbation gradient, of which, five could be 

identified to genus level. While additional spatio-temporal studies will be critical to ascertain the use 

of these OTUs as accurate indicators, our results also highlight the need to improve the reference 

sequence databases. These databases will assist in improving taxonomic assignment through formal 

taxonomic descriptions of new assemblages from understudied environments. Metabarcoding 

investigation of bacterial and other eukaryotic meio-faunal communities from additional oil fields in 

Taranaki are underway (Laroche et al., unpublished) and may provide helpful information to enhance 

knowledge of the effects of offshore mining activities and to develop a comprehensive and robust 

multi-taxa monitoring tool. 
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4.1 Introduction 

Environmental DNA (eDNA) metabarcoding, defined here as the combined use of universal 

DNA barcodes and high-throughput sequencing (HTS) to characterize biological communities from 

genetic material collected from environmental samples (sediment, water, etc.) is increasingly being 

used to assess biodiversity and anthropogenic impacts in terrestrial (e.g. Beng et al., 2016; Li et al., 

2013; Taberlet et al., 2012; Yu et al., 2012) and aquatic environments (e.g. Abad et al., 2016; Carew 

et al., 2013; Chariton et al., 2014; Dowle et al., 2015; Lanzén et al., 2016; Pawlowski et al., 2016; 

Pochon et al., 2015; Visco et al., 2015). Metabarcoding is a cost-effective method that can rapidly and 

simultaneously target multiple species to complement traditional ecosystem biomonitoring approaches 

(Bohmann et al., 2014; Bourlat et al., 2013; Ji et al., 2013; Valentini et al., 2009). It also allows 

microbiota that are difficult or impossible to identify morphologically to be characterized. Micro-

organisms are at the bottom of the food chain, have shorter life cycles, and often have a higher diversity 

and abundance than macro-fauna. They may therefore be a better proxy for evaluating environmental 

impacts, and their use has been advocated for biomonitoring (Bourlat et al., 2013; Dowle et al., 2015a; 

Lau et al., 2015; Lejzerowicz et al., 2015; Pawlowski et al., 2016b, 2014a, 2014b).  

Most metabarcoding monitoring studies use eDNA to characterize biological communities. A 

limited number have also evaluated data from co-extracted eRNA products (e.g. Dowle et al., 2015; 

Laroche et al., 2016; Pawlowski et al., 2016, 2014; Pochon et al., 2015; Visco et al., 2015). Because 

RNA deteriorates rapidly after cell death, eRNA likely provides a more accurate representation of 

viable communities (Mengoni et al., 2005). Blazewicz et al. (2013) suggested that the relative 
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concentration of RNA in the environment provides a robust indication of the growth and adaptation 

potential of microbial communities. In general, when environmental metabarcoding studies have used 

both eDNA and eRNA they have found slightly stronger correlations between community data 

generated from eRNA and environmental conditions (Dowle et al., 2015b; Laroche et al., 2016; 

Pawlowski et al., 2016a, 2014a; Pochon et al., 2015; Visco et al., 2015). However, working with eRNA 

adds additional complexities and expenses related to sampling and laboratory analysis including extra 

precaution during sampling, transport and storage to avoid degradation. A greater understanding of the 

potential benefits of using eDNA versus eRNA is therefore desirable prior to incorporating 

metabarcoding methods into environmental monitoring programs. 

Previous studies assessing eDNA and eRNA extracted from the same environmental sample 

have noted differing diversities of operational taxonomic units (OTUs) recovered from assessment of 

either molecule. Greater taxon richness derived from eDNA data can be explained through the 

detection of DNA from dead organisms as well as extracellular DNA (free-floating or legacy DNA) 

that has bound to sediment or other particles. However, many studies report an important number of 

taxa only detected from eRNA (e.g. Hu et al., 2016; Laroche et al., 2016; Pawlowski et al., 2016, 2014; 

Pochon et al., 2015). These OTUs may be the result of PCR/sequencing artefacts or the detection of 

rare but very active taxa. To date, most studies, have dealt with this by only retaining the data of taxa 

present in both eDNA/eRNA datasets across the entire sample set (Dowle et al., 2015b; Laroche et al., 

2016; Pawlowski et al., 2016a, 2014a; Pochon et al., 2015), or within the same sites (Hu et al., 2016). 

A further data treatment technique which is commonly applied to datasets, is the use of minimal 

DNA sequence read abundance thresholds for each unique taxon (i.e., data related to any particular 

OTU is discarded if insufficient numbers of that taxon are detected in the overall dataset, typically 2 

to 10 reads). This is generally done to reduce sequencing artefacts (Charvet et al., 2014; Hunt et al., 

2013; Visco et al., 2015). The methods applied to the pre-treatment of metabarcoding data (i.e., use of 

a minimum abundance removal threshold or dataset trimming based on shared-taxa abundances) can 

have important implications on the final resolution (number of available DNA sequence reads and/or 

taxa), sensitivity (smallest perceptible effect) and accuracy (confidence level) of the data used to assess 

anthropogenic impacts. 

The aims of this study was to compare the use of co-extracted eDNA and eRNA products to 

assess the benthic environment around an offshore oil production platform, and to determine whether 

eDNA- or eRNA-derived taxa provide more accurate data for assessing shifts in bacterial and 

micro/meio-eukaryotic communities. We also evaluated the effects of two different trimming 

methodologies: one using a minimum read abundance threshold per taxon (i.e., ‘trimmed by 

singletons’), and one removing all taxa not simultaneously recovered from both eDNA and eRNA 
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products of the same environmental sample (i.e., ‘trimmed by shared OTUs’). We hypothesized that; 

(1) bacterial and eukaryotic datasets with taxa trimmed by shared eDNA and eRNA products would 

yield more significant community shifts in response to the effect of the production platform from the 

removal of most irrelevant OTUs, and 2) that the use of eRNA-derived bacterial and eukaryotic taxa 

would show stronger correlations with environmental variables and macro-faunal communities than 

eDNA-derived taxa, as it mostly depicts the living community. 

4.2 Material and Methods 

4.2.1 Field sampling 

The study area was located 80 km off the west coast of New Zealand’s North Island in the 

South Taranaki Bight (latitude: -39.97295°, longitude: 173.2997°; Figure 4.1A). In this region, the 

seabed has a fairly uniform muddy texture with water depth ranging between 100 to 125 m. Biological 

samples (bacterial, micro-eukaryotic and macro-faunal assemblages) and physico-chemical data were 

collected along transects radiating to the East-West axis of one Floating Production Storage and 

Offloading (FPSO) platform. The FPSO has been in activity since 2009 and has been processing and 

storing the well fluids coming from a wellhead platform (WHP) situated 1.3 km North-West. The main 

discharges from the FPSO are production waters (formation water and additives) and operational 

discharges (sewage, deck drainage, etc.; McConnell, Calder, Pannell, & Welsh, 2014). The FPSO site 

is characterized by a prevalence of anthropogenic debris (e.g. paint chips, construction material, etc.) 

and coarser, hard-packed and dark-coloured sediments in its vicinity (≤ 250 m), possibly indicating 

lower oxygenation level, elevated barium concentrations radiating away from the production water 

and drilling discharge point, and differences in the structure of macro-faunal assemblages on the east 

transect, between the near field station (≤ 250 m) and far-field stations (>250 m; Johnston et al., 2015). 
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Figure 4.1 Site map indicating: A) The study site situated in the Taranaki Bight (Maari facility, 
black circle); B) The Floating Production Storage and Offloading (FPSO) platform.  
Sampling stations are in full circle, with numbers corresponding to the distance to the platform along 
the major water flow axis. Modified from Johnston et al. (2014) 

The sampling methodology was based on the Offshore Taranaki Environmental Monitoring 

Protocol (OTEMP; Johnston et al., 2014), which consisted of a distance-graded sample station 

allocation. Sampling stations were overlaid along the major flow axis with the FPSO located at the 

center (Figure 4.1B). The East-West axis constitutes the main trajectory along which the deposition of 

drilling mud and cuttings occurs, with the strongest currents usually flowing in a westward direction 

at a mean speed of 0.12 ms-1 (McConnell et al., 2014). Six stations were sampled at approximately 

250, 500 and 1000 m from the FPSO.  

Sediment samples were collected in triplicate at 6 stations for a total of 18 samples, on the 15th 

and 16th of March 2015 (Table S10). Samples were collected with a modified stainless steel double 

van Veen grab as described in Laroche et al. (2016). To avoid creating a bow wake effect on the 

seafloor, the grab sampler was deployed at a constant rate of 0.3 m/s. Recovery of the sampler was 

similarly processed to avoid displacing superficial sediments. Once retrieved, the top sediment layer 

was inspected and samples only taken when the surface was undisturbed. The full content of the first 

grab compartment was sieved (500 µm) and preserved in 70% ethanol for analysis of macro-faunal 

communities. Subsamples (2 g) of undisturbed surface sediment (approximately 1 cm depth) were 

collected from the second grab for eDNA/eRNA metabarcoding. These samples were placed in Life 
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GuardTM Soil Preservation Solution (5 mL; MoBio, USA) to preserve microbial and environmental 

RNA in stasis, using disposable gloves and spatulas. Samples were stored on ice during transportation 

to the laboratory and kept frozen (-20 °C) until further processing. The second grab compartment was 

subsampled for physicochemical analyses of sediment as described in Johnston et al. (2015). 

4.2.2 Laboratory analysis 

Sample processing 

The macro-fauna was morphologically identified to the lowest practical taxonomic level and 

enumerated at the Cawthron Institute (Nelson, New Zealand). Sediment texture and chemical analyses 

were also performed at Cawthron Institute, following the protocol described in Johnston et al. (2014). 

A summary of all analytical methods used and their detection limit for characterizing the 

physicochemical parameters of sediment is provided in supplementary information (Table S2). 

Total DNA/RNA co-extractions were conducted using the PowerSoil™ Total RNA Isolation 

Kit and the DNA Elution Accessory Kit (MoBio, USA). Prior to cDNA synthesis, RNA samples were 

given two consecutive DNase treatments as described in Langlet et al. (2013). To verify the complete 

elimination of trace DNA, Polymerase Chain Reaction (PCR) amplifications of 50 cycles were 

performed using the bacterial forward primers S-D-Bact-0341-b-S-17: 5’-CCT ACG GGN GGC WGC 

AG-3’ and reverse primers S-D-Bact-0785-a-A-21: 5’- GAC TAC HVG GGT ATC TAA TCC-3’ 

(Klindworth et al., 2013), and the eukaryotic forward primers Uni18SF: 5’-AGG GCA AKY CTG 

GTG CCA GC-3’ and reverse primers Uni18SR: 5’-GRC GGT ATC TRA TCG YCT T-3’ (Zhan et 

al., 2013). These primers produce amplicons of ca. 450 bp and were chosen for their ability to capture 

most bacterial and eukaryotic (especially protist) phyla. Complementary DNA (cDNA) synthesis from 

single-stranded RNA was performed using random hexamer primers and the SuperScript® III reverse 

transcriptase (Thermo Fisher Scientific Inc., Massachusetts, USA), all according to the manufacturer’s 

manual. 

PCR amplification and high-throughput sequencing 

PCR amplifications were performed once for each biological replicate. Total bacterial 16S 

rRNA (V3 and V4 region) and total eukaryote 18S rRNA (V4 region) were amplified using PCR with 

the same primers descripted above. The primers were modified to include IlluminaTM overhang 

adaptors forward: 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG-3’ and reverse: 

5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G-3’, as described in Kozich et al. 

(2013). For bacteria, PCR consisted of 20 µL of AmpliTaq Gold® 360 PCR Master Mix (Life 
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Technologies), 8 µL of double-distilled water (ddH2O), 1 µL of each primer (10 µM), 5 µL of GC 

enhancer to increase yield, 2 µL (1µg/µL) of Bovine Serum Albumin (BSA), and 3 µL of template 

eDNA (1.58 to 3.96 ng/ µL) or 1 µL of cDNA (10 ng/ µL). Reaction cycling conditions were: 94°C 

for 3 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 s, 72°C for 1 min, with a final extension 

step at 72◦C for 5 min. For eukaryotes, PCR reactions were performed in a reaction mixture containing 

25 µL of AmpliTaq Gold® 360 PCR Master Mix (Life Technologies), 13 µL of ddH2O, 1 µL of each 

primer (10 µM), 7 µL of GC enhancer, 3 µL of BSA, and 3 µL of template eDNA (1.58 to 3.96 ng/ 

µL) or 1.5 µL of eRNA (10 ng/ µL). Reaction cycling conditions were: 95°C for 5 min, followed by 

35 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 45 s, with a final extension step at 72°C for 7 min. 

All PCR amplifications included negative controls (no template samples) to ensure amplification of 

uncontaminated products. Amplicons were purified with Agencourt® AMPure® XP PCR Purification 

beads (Beverly, Massachusetts, USA) following the manufacturers’ instructions. Purified products 

were quantified using a Qubit® Fluorometer (Life Technologies, Carlsbad, California, USA), and 

diluted to 3 ng/ µL using ddH2O. Each product was individually indexed using the NexteraTM DNA 

library Prep Kit (Illumina), pooled into two libraries (eDNA and eRNA) and sequenced on a MiSeqTM 

Illumina platform using a 2×250 base pair paired-end protocol at the New Zealand Genomics Ltd. 

(Auckland, New Zealand). A sample containing 20 µL of ddH2O was used as a negative control for 

the multiplexing and sequencing steps in each library. Internal sequencing quality control was also 

ensured by including DNA samples from three previously isolated marine species (i.e., Sabella 

spallanzanii, Ciona savignyi and Perna perna (Pochon et al., 2013) that were PCR amplified, purified 

and quantified following the eukaryote DNA protocol described above. These species were pooled at 

equimolar concentration and included in each sequencing run. The raw sequencing reads are publicly 

available in the Sequence Read Archive (SRA) under the accession numbers SRR5215546 to 

SRR5215617. Additionally, the filtered sequence dataset is available for download on FigShare at the 

following link: https://figshare.com/articles/Laroche_et_al_2017_Maari/4600174 

Bioinformatics analysis 

Using VSEARCH (Rognes et al., 2016), raw FASTQ reads were truncated from the first base 

where the Q score dropped below 3, and paired-end assembled with a minimum merge length of 200 

reads. Merged reads with more than one base-pair error were discarded and the remaining 

demultiplexed. The bacteria and eukaryote data were concatenated into one file each (bacteria.fasta, 

eukaryote.fasta) and dereplicated. Unique sequences of bacterial 16S rRNA were compared to the 

Ribosomal Database Project (RDP; Cole et al., 2014), and unique sequences of eukaryotic 18S rRNA 
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mapped against the Protist Ribosomal 2 database (PR2; Guillou et al., 2013) for chimera detection. 

Prior to clustering reads into operational taxonomic units (OTUs) with a 97% similarity, representative 

sequences were sorted by abundance so that the most important sequences would be at the start of the 

file and used as seed for the clustering. Taxonomy was assigned using the QIIME package (Caporaso 

et al., 2010) and the uclust assigner. By default, the program performs a search to record reference 

sequences matching a minimum of 90% of each query entry (OTU), and assigns the most specific 

taxonomic label according to a minimum consensus fraction (0.51 by default) of the matches. This 

approach enabled taxonomic assignment of poorly represented taxa in reference databases. Operational 

taxonomic units with no match were discarded. 

Rarefaction curves were generated in QIIME using the Chao1 and Shannon metrics (Figure 

S4). This analysis demonstrated that approximately 2,500 reads per sample for both bacteria and 

eukaryote datasets were required to adequately capture the diversity within each sample. Samples with 

< 2,500 reads (1 for bacterial eDNA and 1 for eukaryote eDNA and eRNA samples) were discarded 

from subsequent analyses (Table S10). To enable robust comparisons between eDNA and eRNA 

datasets, an equivalent number of samples were kept per station for each type of molecule, resulting 

in the additional removal of one bacterial eRNA sample (Table S10).  

For the remaining data manipulation and analysis, three datasets were used for both bacteria 

and eukaryotes; (1) containing all OTUs (referred to as ‘untrimmed’), (2) only containing OTUs with 

at least two unique sequence reads present within the whole dataset (referred to as ‘trimmed by 

singletons’), and (3) including only the OTUs found in both DNA and RNA compartments from each 

sample (referred to as ‘trimmed by shared OTUs’).  

4.2.3 Data analysis and statistics 

Samples were grouped into near-field (≤ 250 m of the FPSO) and far-field (> 250 m) stations 

from each side of the FPSO. To visualize the effect of trimming by singletons and by shared OTUs, 

the number of reads and OTUs in each dataset were compared. The OTUs removed from the shared 

OTUs trimming method were further investigated by displaying bar plots of the relative abundance of 

the ten most important classes for bacteria and phyla for eukaryotes using the R package ‘phyloseq’ 

(McMurdie and Holmes, 2013), and by performing a Mann-Whitney U test with 999 permutations on 

these taxa to detect significant abundance differences between the near- and far-field stations.   

Prior to further analysis, read counts were normalized among samples. The large discrepancy 

in read abundance among samples (up to 5 times) prevented the use of typical normalization techniques 

such as variance stabilization (R package DESeq2; Love et al., 2014) or cumulative sum scaling (R 
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package metagenomeSeq; Paulson et al., 2013), and a subsampling-based normalization strategy was 

employed following the method described in (Aguirre de Carcer et al., 2011). Briefly, multiple 

rarefactions (100 times) based on the median number of reads among all samples were performed, 

followed by a rarefaction to the lowest number of reads among all samples. Since a large number of 

singletons may represent PCR or sequencing artefacts (Brown et al., 2015; Majaneva et al., 2015), 

these were removed prior to statistical analysis. 

Using normalized data kept after the two different trimming techniques, observed OTUs and 

the Shannon diversity index were analyzed for each sample. To test for the effect of the FPSO on the 

bacterial and eukaryotic alpha-diversity of eDNA/eRNA datasets, a nonparametric t-test using 999 

permutations was performed between near and far-field stations. To determine whether the eDNA or 

eRNA dataset contained the most abundant number of OTUs significantly affected by the FPSO 

activity, a non-parametric t-test with 999 permutations was conducted on OTUs present in at least three 

samples, between the near- and far-field station groups. Differences in beta-diversity between and 

within the near- and far-field stations were tested using an Adonis and PERMDISP tests with 999 

permutations on Bray-Curtis distance matrices, using square root transformed data. Non-metric 

multidimensional scaling plots were obtained using the R package ‘phyloseq’ (McMurdie and Holmes, 

2013). Correlations between bacterial and eukaryotic eDNA/eRNA OTUs and macro-fauna beta-

diversities, and with environmental variables were investigated using a Mantel test based on 999 

permutations. The tests were performed on square root transformed data using Bray-Curtis distance 

matrices for biological data, and an Euclidean distance matrix for environmental data. For the later, 

only variables showing a significant change between the near-field and far-field stations were used 

(i.e., barium and AFDW; Johnston et al., 2015), and square root transformed prior to the distance 

matrix computation. Except for the bar plots and nMDS, all analyses mentioned above were computed 

using the QIIME pipeline (Caporaso et al., 2010).  

4.3. Results 

4.3.1 High-throughput sequencing output 

Each of the 18 sediment samples collected in this study were co-extracted for both eDNA and 

eRNA and PCR-amplified for total bacteria and eukaryotes, resulting in the total production of 72 

PCR-amplicons (36 for bacteria and 36 for eukaryotes; Tables S10). The no template PCR controls 

remained negative in all PCR trials. All 72 amplicons were sequenced on an Illumina™ MiSeq 

instrument, yielding a total of 2,134,982 and 1,040,624 eDNA and eRNA sequence reads, respectively. 

The water blank negative controls (ddH2O sample) contained a total of 524 raw reads (130 for bacteria 
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and 494 for eukaryotes) in the eDNA library, and 405 raw reads (234 for bacteria and 171 for 

eukaryotes) in the eRNA library, of which none remained after quality filtering. The positive controls 

were assigned at 99.9% to the three target taxa. After removal of unmatched and low-quality reads, a 

total of 883,155 reads and 33,995 OTUs were obtained for bacteria (eDNA: 25,100; eRNA: 22,211), 

and a total of 768,374 reads and 11,854 OTUs (eDNA: 7,045; eRNA: 8,059) for eukaryotes. Removal 

of samples with insufficient diversity coverage led to the removal of one bacterial eDNA and eRNA 

sample (FE250b), and one eukaryotic eDNA (FE250b) and eRNA (FE250c) sample (Table S10). 

4.3.2 Effect of trimming methodologies 

For the bacterial dataset, the removal of singletons (i.e., OTUs present only once across the 

entire eDNA/eRNA datasets) resulted in a 1% loss of total reads and 37% loss of OTUs (Table 4.1). 

Similar results were observed for eukaryotes where 0.4% of reads and 29% of OTUs were removed. 

Trimming OTUs that did not occur in both eDNA/eRNA amplicons of the same sample resulted in a 

total reduction in OTUs of 78%, and total read reduction of 27%. For eukaryote data, trimming by 

shared OTUs had a larger impact on OTU and read removal, discarding an additional 51% of OTUs 

for a total reduction of 80%, and reducing the total read abundance by 28%. The mean number of reads 

(counts) per removed OTUs was of 3.1 and 8.6 for bacteria and eukaryotes respectively. 

Table 4.1 Number of operational taxonomic units (OTUs) and reads per dataset. Brackets show 
portion of reads removed by each technique from the raw dataset.  

SD = Standard deviation, eDNA = environmental DNA, and eRNA = environmental RNA. 
 

Trimming technique 

Reads                           OTUs                               
 

Total eDNA 
dataset 

eRNA 
dataset Total eDNA dataset eRNA dataset 

Ba
ct

er
ia

 Raw data 871557 529180 342377 33746 25114 21840 

Trimmed by singletons 858919 (1%) 522630 336289 21108 (37%) 18564 15752 

Trimmed by shared OTUs 633643 (27%) 348860 284783 7505 (78%) 7505 7505 

Eu
ka

ry
ot

e
s 

Raw data 767855 414271 353584 11844 7025 8058 
Trimmed by singletons 764392 (0.4%) 412625 351767 8381 (29%) 5379 6241 
Trimmed by shared OTUs 553651 (28%) 308285 245366 2317 (80%) 2317 2317 

 

Figure 4.2 summarizes the total number of bacterial and eukaryotic OTUs that were either 

shared between both eDNA and eRNA data of the whole datasets, shared between eDNA and eRNA 

from the same sample, or those that were restricted to one dataset type following the two distinct data 

treatments. The percentage of shared OTUs between the eDNA and eRNA bacterial datasets increased 
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from 22% to 36% after singleton removal (Table 4.1). For eukaryotes, removing singletons improved 

the percentage of shared OTUs in the eDNA and eRNA datasets from 20 to 28%. The percentage of 

unshared OTUs were highest in the eDNA dataset for bacteria, while in the eukaryotic dataset most of 

the unshared OTUs were in the eRNA.  

 

 

Figure 4.2 Venn diagrams displaying shared and unshared operational taxonomic units (OTUs) 
among environmental DNA (eDNA) and RNA (eRNA) amplicons of the bacteria (A, B) and 
eukaryote (C, D) datasets.  
Untrimmed data are represented in A and C datasets, with the removed singletons shown 
in B and D). 

After trimming by singletons, the bacterial datasets (kept OTUs) were mainly composed of 

Gammaproteobacteria (eDNA 57.2%, eRNA 77.9%), Deltaproteobacteria (eDNA 12%, eRNA 8%) 
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and Alphaproteobacteria (eDNA 8.5%, eRNA 4.8%; Table S3). Metazoa composed the large majority 

of eukaryote OTUs (eDNA 84.6%, eRNA 85.5%), followed by Dinophyta (6.2%) and Radiolaria 

(2.8%) in eDNA, and by Cercozoa (7.4%) and Cilliophora (3.5%) in eRNA (Table S11).  

Trimming by shared OTUs slightly changed the relative abundance of each taxa of the kept 

data, but did not change their decreasing order (Table S12). The majority of bacterial OTUs removed 

from trimming by shared OTUs were Proteobacteria belonging to Deltaproteobacteria (eDNA 19%, 

eRNA 30.4%) and Gammaproteobacteria (eDNA 22.7%, eRNA 28.2%; Figure 3.3, Table S11). In 

eDNA, the taxonomic groups Planctomycetia (9.6%), Alphaproteobacteria (7.1%) and 

Verrucomicrobiae (5.7%) also accounted for a substantial part of the trimmed OTUs. Most of the 

eukaryote OTUs removed were Metazoa (eDNA 60.5%, eRNA 42.8%), followed by Dinophyta 

(13.9%) and Apicomplexa (10.1%) in eDNA, and by Ciliophora (19.7%) and Cercozoa (19.7%) in 

eRNA (Table S11). Among all these groups, only eDNA Verrucomicrobiae (T-stat = 2.39, P-value = 

0.03; Table S14) and eRNA Planctomycetia (T-stat = -2.78, P-value = 0.03; Table S14) expressed a 

significant relation with distance from the platform, both being more abundant in the near-field 

stations. 

4.3.3 Comparison of bacteria and eukaryotes eDNA and eRNA datasets  

Alpha-diversity 

 Non-parametric t-tests on alpha-diversity metrics of the eDNA dataset trimmed by singletons 

(kept OTUs) showed that there was no significant difference between the near- and far-field stations 

for bacteria or eukaryotes (Table 4.2). The same was observed with the equivalent eRNA bacterial 

data, and eRNA eukaryote data. When using the ‘trimmed by shared OTUs’ method, significant 

differences between the near- and far-field stations for the observed OTUs metric were observed with 

bacterial eDNA (p-value = <0.01) and with eukaryotic eDNA (p-value = 0.04), and for the Shannon 

index with bacterial eDNA (p-value = <0.01).  
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Figure 4.3 Relative abundance of the ten most important bacterial classes (A) and eukaryotic phyla 
(B) removed during the trimmed by shared OTUs method.  
Abundance values for each class/phylum are stacked in order from greatest to least, separated by a 
thin horizontal line. eDNA = environmental DNA, eRNA = environmental RNA. 
 

Table 4.2 Non-parametric t-tests on alpha-diversity metrics observed Operational Taxonomic Units 
(OTUs) and Shannon index between near field stations (≤ 250 m) and far field stations (> 250 m), on 
the data kept after the different trimming methodologies.  
eDNA = environmental DNA, eRNA = environmental RNA. Significant p-values are in bold. 

Datasets 
Observed OTUs Shannon index 

Near-
field 

Far-
field t-stat p-value Near-

field 
Far-
field t-stat p-value 

Ba
ct

er
ia

 Trimmed by 
singletons 

eDNA 2306 2348 -0.33 0.71 9.6 9.83 -1.07 0.32 

eRNA 1274 1495 -2.08 0.06 7.86 8.05 -0.82 0.43 

Trimmed by 
shared OTUs 

eDNA 807 1356 -6.24 <0.01 7.56 8.63 -5.04 <0.01 

eRNA 958 1111 -1.57 0.13 7.25 7.42 -0.79 0.44 

Eu
ka

ry
ot

es
 Trimmed by 

singletons 
eDNA 550 572 -0.30 0.77 6.75 7.06 -0.77 0.48 

eRNA 686 830 -1.91 0.07 7.05 7.47 -1.05 0.29 

Trimmed by 
shared OTUs 

eDNA 277 415 -2.16 0.04 5.78 6.45 -1.62 0.13 

eRNA 326 432 -1.42 0.17 5.67 6.42 -1.56 0.14 

Significant OTUs, beta-diversity and correlation to environmental variables  
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 The non-parametric t-test analysis identified OTUs significantly associated with the near- or 

far-field station groups, by comparing their frequencies across samples groups. For both taxa, these 

OTUs were more abundant in eDNA than eRNA (Table S15). Trimming by shared OTUs reduced the 

number of significant OTUs by 52 (eDNA) and 26 (eRNA) in bacteria, and by 99 (eDNA) and 86 

(eRNA) in eukaryotes (Table S15). 

 Non-metric multidimensional scaling plots (Figure 4.4) demonstrated that near- and far-field 

stations tended to cluster separately for both taxa. Our distance-based test for homogeneity of 

multivariate dispersion (Permdisp) indicated that communities within the near- and far-field stations 

groups were homogeneous in all datasets (Table S16).  However, significant variance between 

replicates were observed for bacterial eDNA (p-value = 0.03) and eRNA (p-value = 0.04) data of the 

trimmed by singleton dataset, and for bacterial eDNA (p-value = 0.03) of the trimmed by shared OTUs 

dataset (Table S17).  

 When comparing the correlation of bacterial eDNA/eRNA beta-diversity matrices between 

near- and far-field stations, eDNA provided stronger correlations and/or lower p-values (Table 4.3). 

This trend was also observed with correlations to the distance matrices of macro-fauna and 

environmental variables (Table 4.3). For eukaryotes however, this tendency was not always observed 

as eRNA showed slightly stronger correlations and more significant results between the near- and far-

field stations, but weaker correlations with macro-faunal assemblages and with environmental 

variables. Overall, correlations between eDNA and eRNA beta-diversities were stronger for the 

trimmed by shared OTUs datasets, and only significantly positive among the eukaryote datasets (Table 

4.3). For bacteria, the trimmed singletons datasets demonstrated particularly weak correspondence (r 

= -0.05; p-value = 0.8) between eDNA and eRNA. 
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Table 4.3 Analysis of the strength and statistical significance of sample groupings among datasets, 
and correlations between beta-diversity matrices of micro (bacteria and eukaryotes) and macro- 
fauna, and with distance matrix of selected environmental variables.  
eDNA = environmental DNA, eRNA = environmental RNA. Significant p-values are in bold. 

Datasets 

Adonis Mantel test 
Near-field VS  

Far-field 
Correlation with 

macro-fauna 
Correlation with 

env. variables 
Correlation 
DNA/RNA 

R2 p-value r p-value r p-value r p-value 

Ba
ct

er
ia

 Trimmed by singletons 
eDNA 0.07 0.01 -0.53 <0.01 0.52 <0.01 

-0.05 0.80 eRNA 0.07 0.21 -0.06 0.78 0.04 0.82 

Trimmed by shared 
OTUs 

eDNA 0.10 <0.01 -0.51 <0.01 0.58 <0.01 
0.31 0.08 eRNA 0.07 0.01 -0.08 0.73 0.08 0.63 

Eu
ka

ry
ot

es
 Trimmed by singletons 

eDNA 0.08 0.04 -0.35 0.05 0.52 <0.01 
0.47 0.02 

eRNA 0.12 <0.01 -0.14 0.48 0.24 0.09 

Trimmed by shared 
OTUs 

eDNA 0.10 0.02 <0.01 0.99 0.32 0.02 
0.89 <0.01 

eRNA 0.11 <0.01 -0.09 0.67 0.18 0.30 
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Figure 4.4 Non-metric multidimensional scaling (nMDS) plots.  
A) Trimmed by singletons and B) trimmed by shared operational taxonomic units (OTUs) data of 
both environmental DNA (eDNA) and RNA (eRNA) of bacteria (left) and eukaryotes (right). NF = 
near-field; FF = far-field. 

4.4 Discussion 

The aims of this study were to assess whether high throughput sequencing (HTS) data 

obtained from eDNA and/or eRNA provide the best proxy for evaluating environmental impacts and 

to explore how data processing steps may influence these results. We focused on benthic habitats at 

bathysmal depth, within close proximity to an offshore oil production platform.  
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4.4.1 High-throughput sequencing outputs 

In our datasets, the number of bacterial eDNA OTUs (Table 4.1) was slightly higher than 

eRNA. Environmental DNA is more resistant to posthumous degradation, and may persist several 

years in marine sediment (Dell’Anno, 2005). Analysis of the eukaryote data showed a differing pattern 

with more eRNA OTUs compared to eDNA. The proportion of OTUs found only in eDNA or eRNA 

datasets varies substantially among previous investigations. For example, Dowle et al. (2015b) found 

more bacterial eRNA than eDNA OTUs in their datasets, and Hu et al. (2016) and Laroche et al. (2016) 

obtained more protist eRNA than eDNA OTUs, while Pawlowski et al. (2014a) and Pochon et al. 

(2015) detected more protist eDNA than eRNA OTUs. It is possible that many of the unshared eRNA 

OTUs represent PCR artefacts, especially from the reverse transcription of RNA to cDNA, and 

sequencing errors (Egge et al., 2013; Ficetola et al., 2015). The RNA conversion to complementary 

DNA (cDNA) requires the use of a reverse transcriptase which, as opposed to DNA polymerase, lack 

proof reading activity, creating point mutations in some of the cDNA sequences (Houseley and 

Tollervey, 2010; Svarovskaia et al., 2003). Reverse transcriptase also frequently ‘jump’ from one 

template to another during the transcription process. Known as template-switching, this action can lead 

to two different outcomes: 1) production of chimeric cDNA sequences from intermolecular template 

switching, and 2) creation of shortened isoform sequences from intramolecular template switching 

(Cocquet et al., 2006). The latter being more problematic as it is unlikely that this can be detected 

during bioinformatics analysis. Finally, the use of random hexamer primers for cDNA synthesis is 

known to introduce nucleotide bias at the beginning of the 5`-end of sequence reads (Hansen et al., 

2010). Because the pre-mentioned artefacts are subsequently augmented by the gene-specific PCR 

amplification, they would become integrated into the HTS library and potentially not be removed 

during bioinformatics filtering processes. The incertitude linked to potential intrinsic error rates from 

reverse transcription limits accurate comparison of eDNA and eRNA datasets. The use of a RNA 

control (e.g., synthetic oligomers) and technical (PCR) replicates could help identifying these artefacts 

and improve concordance between the eDNA and eRNA profiles. Trimming OTUs by their shared 

presence in eDNA and eRNA represents an alternative way of discarding reverse transcription 

artefacts. 

In this study, bacterial and eukaryote RNAs were treated using the same protocol during the 

reverse transcription process. However, eukaryote cDNA required more PCR cycles (35 instead of 30 

for bacteria) to amplify sufficient material, potentially producing more false transcripts and explaining 

the differences observed between the two taxonomic groups (Figure 4.2). Another possibility could be 

the presence of rare but highly active eukaryote OTUs which were not detected in the eDNA dataset 
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because of their low abundance. Particularly high activity and growth from some of the rare biota has 

been previously reported for both bacteria (Campbell et al., 2011; Hugoni et al., 2013) and microbial 

eukaryotes (Logares et al., 2014).  

4.4.2 Effect of trimming methodologies 

Trimming OTUs not simultaneously present in both eDNA and eRNA assemblages from the 

same samples resulted in twice as many OTUs being removed compared to discarding singletons only, 

and removed 27-fold (bacteria) and 70-fold (eukaryotes) more reads. However, further investigation 

suggested that it mostly resulted in the removal of legacy DNA, DNA deposited from the water 

column, and technical artefacts. As hypothesized earlier, this improved the sensitivity and accuracy of 

our environmental metabarcoding analysis (Tables 4.2 and 4.3) and enabled the detection of 

differences between the effects of the production platform on near- and far-field stations. In particular, 

it allowed us to disclose the divergence between beta-diversities of near-field and far-field stations, 

and improve the correlations between the beta-diversity and environmental variables distance matrices 

(Table 4.3).  

Removal of single sequence detection (singletons) to reduce PCR and sequencing artefacts is 

a controversial practice. Although many of these detections are true errors (Parada et al., 2016), some 

may constitute real OTU occurrences. In studies not particularly interested by the rare biota, the trade-

off of producing false negatives to remove false positives is usually accepted (Bálint et al., 2016; 

Majaneva et al., 2015). Systematic inclusion or exclusion of singletons is arbitrary and not necessarily 

adapted to all situations. For example, the likelihood of retaining false positives increases with the 

sequencing depth of HTS libraries (Ficetola et al., 2016). Some researchers have therefore suggested 

the use of a read detection threshold based on sequencing depth (Bálint et al., 2016). However, Ficetola 

et al. (2016) and Lahoz-Monfort et al. (2016) strongly discouraged systematic removal of taxa based 

on an abundance threshold, unless high detection probability of real OTUs and sufficient biological or 

technical replicates are available to identify false positives. Instead, they propose the application of 

site occupancy-detection modelling (SODM) methods which take into account false positive and 

negative detection probabilities, and which have proven to work well with few replicate samples 

(Lahoz-Monfort et al., 2016; Schmidt et al., 2013).  

In our study, we used co-extracted DNA and RNA to segregate real OTUs from artefacts. 

This approach allows for an informed elimination of artefactual OTUs while also discarding data from 

legacy DNA. However, trimming data by shared OTUs between co-extracted eDNA and eRNA 

material is particularly stringent and may result in the removal of a substantial number of false 
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negatives. As an alternative, biological or technical replicates could be used in parallel to discriminate 

genuine and false detections. For examples, biological replicates could be pooled together prior to 

trimming by shared OTUs, and subsequently demultiplexed to allow evaluation of within station 

variability. It is worth mentioning that the application of unsupervised oligotyping methodologies such 

as the one proposed by Eren et al. (2015), could further improve sensitivity of environmental 

metabarcoding monitoring studies by discriminating closely related taxa, and will likely gain in 

popularity as tools are being developed.  

4.4.3 Operational taxonomic units not shared between both eDNA and eRNA datasets 

Among the bacterial datasets, most of the removed OTUs (i.e., those not simultaneously found 

in both eDNA and eRNA) belonged to Gammaproteobacteria and Deltaproteobacteria, which also 

constituted the main classes of the singleton trimmed dataset. This suggests that most OTUs removed 

by the shared OTUs trimming method may have arisen from PCR or sequencing errors originating 

from highly abundant unique sequences which subsequently associated to these classes (Huse et al., 

2010; Quince et al., 2011). Another possibility could be that these abundant taxa have more 

polymorphisms. In such cases, removal of these rare variants would produce false negatives. 

Nonetheless, their small contribution to weighted (abundance-based) analyses, as demonstrated in the 

present study, would unlikely affect results. 

Most of the eukaryotes which were removed during the trimming procedure were Metazoa, 

Dinophyta and Apicomplexa in eDNA, and Ciliophora and Cercozoa in eRNA (Figure 4.3, Table S13). 

These phyla are also the most abundant in the datasets trimmed by singletons (Table S11). None of 

these showed a significant correlation with distance from the platform (Table S14). Just as for bacteria, 

the important abundance of these phyla in the discarded eDNA/eRNA OTUs is likely a consequence 

of PCR/sequencing errors originating from the most abundant unique sequences. This is further 

supported by the fact that the decreasing order of relative abundance of the most important taxa is the 

same between the datasets of kept OTUs and removed OTUs resulting from the shared OTUs 

trimming.  

4.4.4 Comparison between eDNA and eRNA 

 When performing alpha-diversity on the trimmed by singletons datasets, differences were 

observed between eDNA and eRNA, with the latter mainly showing stronger dissimilarities between 

the near-field and far-field stations. This is not surprising as eDNA can contain genetic information of 

past and current communities, inflating alpha-diversity and potentially masking the present effects of 
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the platform (Corinaldesi et al., 2005; Dell’Anno, 2005).  

Beta-diversity analysis of the singleton trimmed data showed more significant differences 

between the near- and far-field stations with bacterial eDNA, while only small differences could be 

observed between eukaryote eDNA and eRNA. Relationships between micro-faunal and the macro-

faunal assemblages and environmental variables were also much stronger than with eDNA. This 

contradicts our second hypothesis and suggest that while eRNA may represent a better proxy for 

assessing ongoing anthropogenic effects on species richness, eDNA read abundance information 

seems more reliable for assessing effects on beta-diversity. This is especially true for bacteria where 

no correlation could be observed between eRNA data and macro-fauna, or with environmental 

variables (Table 4.2). These results contrast with other similar studies (Dowle et al., 2015b; Hu et al., 

2016; Laroche et al., 2016; Pawlowski et al., 2014b; Pochon et al., 2015; Visco et al., 2015) where 

eRNA always out-performed eDNA when correlating micro- and macro-faunal assemblages, or when 

correlating these assemblages with environmental conditions. These studies used a less stringent OTU 

filtering method prior to statistical analyses, removing only those not present in both eDNA/eRNA 

compartment of their whole dataset. Consequently, an important number of OTUs from legacy DNA 

may have subsisted in their datasets, decreasing the observed sensitivity to local conditions of the 

eDNA-derived communities. Also, the relationship between eRNA concentrations and activity does 

not always align. Differences such as life history, life strategies and non-growth activity between 

organisms play an important role in RNA production (Blazewicz et al., 2013). Ribosomal eRNA such 

as those targeted in this study (16S and 18S) can have a much wider range of expression (over 3 orders 

of magnitude) than ribosomal eDNA (ca. 1 order of magnitude; Fegatella et al., 1998). Fluctuation in 

DNA copy number between taxa and in RNA expression may account for the strong variability 

observed among the bacterial eDNA and eRNA replicates (Table S16). This variability increases 

confidence intervals, reduces statistical power, and increases the risk of not identifying impacts (Type 

II errors; Underwood, 1993).  

For accurate assessment of false positive and negative OTU occurrences, and sufficient 

evaluation of within station biological variability, optimal number of replicate samples is often a 

compromise between available funds and time, and the desired level of precision and sensitivity. 

Parameters such as targeted taxa, the choice of primer set and the sequencing depth of HTS libraries 

all play an important part in taxa detection probability, which in turn, dictates the optimal replication 

level (Ficetola et al., 2015). In studies assessing whole communities, the number of replicates should 

ideally depend on the taxa with the lowest detection probability. Ficetola et al. (2015) give an example 

where a taxon with a 0.5 probability would normally require a minimum of eight replicates to ensure 

detection. For routine monitoring surveys of benthic communities however, where the non-detection 
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of rare biota is unlikely to change the outcomes of studies, the replication level does not have to be as 

high. In such cases, the number of replicates may be more influenced by the level of heterogeneity 

found within stations. 

An important consideration when using single-time sampling designs over a contamination 

gradient is that it assumes that natural factors equally influence communities among samples (Wiens 

and Parker, 1995). This bias can be particularly problematic with small and short-lived organisms like 

bacteria. In low impacted environments, such as those explored in this study, biological interactions 

may supplant the effect of environmental factors, increasing spatial variability (Schafer, 2000), and 

creating stronger discrepancies among biological replicates. In this situation, collecting more 

biological replicates per stations should be favoured over technical replicates, in order to mitigate the 

effect of micro-patchiness. 

4.5 Conclusion 

The resolution, sensitivity and accuracy of metabarcoding techniques used to measure 

anthropogenic impact on microbial communities can be substantially affected by whether eDNA or 

eRNA is used and by the choice of pre-analysis data treatment method. Disparities in results may also 

occur between eukaryote and bacterial eDNA/eRNA, that should be considered before analyzing 

environmental metabarcoding monitoring data. Our study showed that when OTUs are solely trimmed 

by singletons, eRNA represents a better proxy for alpha-diversity as it is more likely to contain living 

biota only. Nonetheless, read abundance information from eDNA data was, for bacteria, superior to its 

counterpart for assessing environmental impacts on beta-diversity. In weakly impacted environments, 

this may be even more important as eRNA concentration can be highly dependent and sensitive to 

temporal interactions from restricted local conditions that can be unrelated to the anthropogenic 

activity. For this reason, read abundance information from bacterial eDNA seems more suited for 

assessing the effect of oil and gas drilling and production operations, where closest monitored stations 

are located far from the pollution source (ca. 250 m). Overall, trimming OTUs not shared in both DNA 

and RNA compartments of each sample improved the sensitivity and accuracy of our results. While 

this is true for our study site, further investigations will be needed to evaluate the extent of these 

findings. 
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5.1 Introduction 

Due to the steady depletion of land-based petroleum products and mineral resources, drilling 

and mining activities are increasingly being moved offshore and into the deep-sea (Glover and Smith, 

2003; LUKOIL, 2013; United Nations Environment Programme, 2014). Such increased anthropogenic 

activity, combined with the pervasive and ongoing effects of climate change (e.g., ocean 

deoxygenation, acidification and warming: Bijma et al.[2013]; Yasuhara et al. [2008]), escalate the 

need to monitor and protect marine biodiversity and ecosystem health.  

Healthy and sustainable ecosystems require active and balanced ecological processes (e.g., 

primary productivity, regulation, consumption, biotic interactions) across food webs (Costanza et al., 

1992; Munawar et al., 1992, 1989). Because taxonomic groups can respond differently to distinct 

stressors, there is a need for effective methodologies that enable different trophic levels to be monitored 

simultaneously (Bourlat et al., 2013; Geist, 2015, 2011). This more holistic ecosystem-based approach 

is gradually being integrated into environmental policies and legislation (e.g., European Union Marine 

Strategy Framework Directive [MSFD], European Union Water Framework Directive [WFD], 

Convention for the Conservation of Antarctic Marine Living Resources [CCAMLR], Canadian Oceans 

Act: Borja et al., 2010; Mueller and Geist, 2016; Murawski, 2007; Ottersen et al., 2011). Morphology-

based taxonomic identification methods are typically restricted to the assessment of meio- and macro-

faunal taxa that can be visually identified, and the resolution achieved is dependent on the taxonomist 

expertise, time and resources available (Bourlat et al., 2013; Jones, 2008). Conversely, genomic 
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approaches allow multiple trophic levels to be monitored, enabling more integrated and holistic 

monitoring of the environment and facilitating ecosystem based aproaches.  

Communities of bacteria, micro-eukaryotes (e.g. Foraminifera, ciliates), fungi and meio-fauna 

(e.g. nematodes, copepods) play a fundamental role in ecosystem functioning and structuring (e.g., 

nutrient cycling, energy flow, sediment stability, community interactions; Azam and Malfatti, 2007; 

Cardinale et al., 2012; Snelgrove et al., 1997). Micro-organisms are highly diverse, abundant and 

ubiquitous in marine sediments, show sensitivity to a wide range of pollutants including oil discharge 

and heavy metals (dos Santos et al., 2008; Jorissen et al., 2009; Mojtahid et al., 2006; Pawlowski et 

al., 2016b; Sun et al., 2012), and have the capacity to respond quickly to environmental changes – 

making them highly amendable for assessing marine ecosystem health. Furthermore, some bacteria 

and micro-eukaryotes (i.e., algae, fungi) have the capacity to degrade pollutants such as petroleum 

hydrocarbon (dos Santos et al., 2008), and monitoring their activity may provide evidence of natural 

bioremediation at contaminated sites. 

Bacterial assemblages are not affected by anthropogenic impacts the same way macro-faunal 

communities are. Along a pollution gradient, bacterial assemblages generally change in composition 

without the significant loss of richness observed in macro-faunal communities (Lear et al., 2011; Reis 

et al., 2013). This has important implications as bacterial assemblages may therefore be more sensitive 

bioindicators that can be used over a wide range of contamination levels (Lau et al., 2015). Despite 

being extremely valuable indicators of environmental conditions, microbial organisms (bacteria and 

micro-eukaryotes) are frequently overlooked in biomonitoring programs due to their small size and 

the difficulty in differentiating species morphologically. Environmental DNA metabarcoding now 

enables their rapid characterization and incorporation into monitoring surveys (Bik et al., 2012a; 

Dowle et al., 2015b; Lanzén et al., 2016; Laroche et al., 2016). 

Molecular methods such as environmental DNA (eDNA) metabarcoding (i.e., characterization 

of entire biological communities from intra and extra-cellular genetic material present in 

environmental samples [soil, water, air]) enable the cost-effective identification of the microbial, meio- 

and macro-faunal communities (Ji et al., 2013; Techtmann and Hazen, 2016). In addition to the 

hundredfold or even thousandfold increase in sample information (Baird and Hajibabaei, 2012), Ji et 

al. (2013) found the active workload (i.e., activity requiring human intervention) of eDNA 

metabarcoding to be four times smaller than traditional morphological monitoring. Stephenson et al. 

(2013) estimated the cost of eDNA metabarcoding-based benthic community characterization to be at 

least 37% cheaper than morpho-taxonomy. With the continued decrease in sequencing costs (National 

Human Genome Research Institute, 2016), it is reasonable to assume that the cost-efficiency gap 

between the two approaches will increase.  
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Another advantage of the metabarcoding-based monitoring approach is the opportunity to 

discriminate between active and dormant organisms by assessing environmental RNA (eRNA) in 

parallel with eDNA. Because RNA is less stable and degrades faster than DNA after cell death, it likely 

represents a better proxy of the living communities (Mengoni et al., 2005). Removing Operational 

Taxonomic Units (OTUs) not simultaneously present in eDNA and eRNA material enables the effect 

of taxa originating from extracellular DNA (free-floating or legacy DNA) and technical artefacts to be 

limited, therefore improving the sensitivity of the method (Laroche et al., 2017). 

Significant efforts are being made internationally to integrate genomic tools into environmental 

monitoring programs (Aylagas et al., 2014; Bourlat et al., 2013; Le et al., 2016; Leese et al., 2016; 

Pawlowski et al., 2016b; Valentini et al., 2016) and their use for measuring effects of offshore oil and 

gas (O&G) operations have been recommended (Cordes et al., 2016). However, to date only a few 

studies (e.g., (Lanzén et al., 2016; Laroche et al., 2016) have tested the potential of eDNA 

metabarcoding for routine benthic monitoring on offshore O&G drilling and production sites.  

We investigated the impacts of O&G drilling and production activities on marine bacterial, 

Foraminiferal and general micro- and meio- eukaryote assemblages using eDNA/eRNA 

metabarcoding, and compared these data to morphologically-based macro-faunal data. We 

hypothesized that: (1) micro- and meio-organisms, and especially bacteria, would be more responsive 

to drilling and oil production operations than macro-fauna due to their shorter life cycle and sensitivity 

to small environmental changes, and that (2) microbial richness would be less impacted than macro-

fauna but that community composition would be more affected as more microbial taxa are adapted to 

living in harsh environments. Finally, we aimed to identify HTS derived bioindicator taxa of O&G 

operations that could be used in subsequent eDNA/eRNA metabarcoding monitoring surveys. 

5.2 Material and Methods 

5.2.1 Field sampling 

The study sites included one exploratory drilling site (ED), one oil floating production and 

storage platform site (OP), and one gas production and drilling site (GPD), located in the South 

Taranaki Bight region of the Tasman sea (west coast of the North Island, New Zealand (Figure 5.1).  
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Figure 5.1 Map of the study sites in the Taranaki Bight, New Zealand.  

 

The methodology used to collect sediment samples was based on the Offshore Taranaki 

Environmental Monitoring Protocol (OTEMP; Johnston et al., 2014). Sampling stations were allocated 

on a distance-based gradient radiating away from the drilling and or/ production platforms, along the 

major flow axis at depths ranging from 100 to 130 m, as described in Laroche et al. (2016). A total of 

twenty-one stations were investigated: nine stations at ED distributed at approximately 0, 100, 250, 

500 and 1000 m from the drilling site, on the north and south axis; six stations at OP site radiating 

from the platform on the east-west axis at distances 250, 500 and 1000 m; and six stations at GPD site, 

allocated at 250, 500 and 1000 m on the north and south axis of the platform. Contrary to ED and GPD 

sites, which are located ca. 35 km westward from the Taranaki coastline and under the influence of the 

West Auckland current (flowing southwards) and the North Taranaki Bight current (flowing 

northward), the OP field is situated 80 km from the South Taranaki shore, therefore subject to the 

eastward flow of the D’Urville current (McConnell et al., 2014). 

In this region, the seabed is mostly characterized by a uniform layer of soft sediment. Sediment 

samples were collected in triplicate at each station using a modified stainless steel double van Veen 

grab (Johnston et al., 2015), between the 18 August and 13 October 2014 for ED, and the 11and 14 

March 2015 for OP and GPD, corresponding to a total of 63 samples (Table S18). To avoid creating a 

bow wake effect on the seafloor and displacing superficial sediments, the grab sampler was deployed 

and recovered at a constant rate of 0.3 m/s. Sediment samples for macro-fauna, eDNA/eRNA 

extractions, and physico-chemical analyses were obtained as described in Laroche et al. (2017, 2016). 

Briefly, the content of the first grab compartment was collected and passed through a 500 µm mesh-
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sized sieve and preserved in 70% ethanol for macro-faunal community analysis. The second grab 

compartment was subsampled for eDNA/eRNA material, collecting 2 g of undisturbed surface 

sediment (1 cm depth) with disposable gloves and spatulas. Samples were placed in Life GuardTM Soil 

Preservation Solution (5 mL; QIAGEN, California, USA), stored on ice during transportation to the 

laboratory, and kept frozen (-20 °C) until further processing. From the remaining sediment in the 

second grab compartment, sediment subsamples were collected for organic, chemical, metal, and 

sediment texture analyses.  

5.2.2 Laboratory analysis 

Sample processing 

For ED samples, sediment texture assessment was performed by Resource and Environmental 

Management Ltd (REM, Nelson, New Zealand), and the chemical analyses conducted by Hill 

Laboratory Ltd (Blenheim, New Zealand). Physico-chemical analyses (i.e., sediment texture based on 

the Wentworth grain size classification [Wentworth, 1922], organic [ash-free dry weight], trace metals 

[arsenic, barium, cadmium, chromium, copper, lead, nickel, zinc, mercury], screen metals [manganese, 

iron], polycyclic aromatic hydrocarbons and total petroleum hydrocarbon) of OP and GPD samples 

were performed by the Cawthron Institute (Nelson, New Zealand). Analytical methods and their 

detection limits were similar between laboratories (Table S2). Enumeration and morphological 

identification to the lowest practical taxonomic level of macro-faunal assemblages were executed by 

expert taxonomists at REM and the Cawthron Institute. A list of the detected taxa and their abundance 

is provided in Table S19.  

Environmental DNA and RNA material were co-extracted using the PowerSoil™ Total RNA 

Isolation Kit and the DNA Elution Accessory Kit (QIAGEN, California, USA), and complementary 

DNA (cDNA) synthesis from single-stranded RNA was performed using random hexamer primers and 

the Super-Script® III reverse transcriptase (Life Technologies, California, USA). Prior to cDNA 

synthesis, RNA samples were given two consecutive DNase treatments as described in Laroche et al. 

(2017, 2016). 

PCR amplification and high-throughput sequencing 

Three distinct polymerase chain reactions were performed for total bacteria, eukaryotes and 

Foraminifera using; i) the bacterial forward S-D-Bact-0341-b-S-17: 5’-CCT ACG GGN GGC WGC 

AG-3’ and reverse S-D-Bact-0785-a-A-21: 5’- GAC TAC HVG GGT ATC TAA TCC-3’  primers 

(Klindworth et al., 2013), which target the 16S ribosomal RNA (rRNA, V3 and V4 region) gene, ii) 
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the eukaryotic forward Uni18SF: 5’-AGG GCA AKY CTG GTG CCA GC-3’ and reverse primers 

Uni18SR: 5’-GRC GGT ATC TRA TCG YCT T-3’ primers (Zhan et al., 2013), especially designed 

to target the nuclear 18S rRNA (V4 region) gene of microbial metazoan eukaryotes, and iii) the 

Foraminifera-specific forward s14F1: 5’-GAA GGG CAC CAC AAG AAC GC-3’ and reverse s15: 

5’-CCA CCT ATC ACA YAA TCA TG-3’ primers (Pawlowski and Lecroq, 2010), which target the 

37f hypervariable region of the nuclear 18S rRNA gene. Each primer was modified to include 

IlluminaTM overhang adaptors (forward: 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA 

CAG-3’ and reverse: 5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G-3’), as 

described in Kozich et al., (2013). 

Polymerase chain reaction amplification of bacteria, eukaryotes and Foraminifera, respectively, 

consisted of 20, 25 and 25 µL of AmpliTaq Gold® 360 PCR Master Mix (Life Technologies, 

California, USA), 8, 13 and 15 µL of double-distilled water (ddH2O), 1 µL of each primer (10 µM, 

IDT, Iowa, USA), 5, 7 and 5 µL of GC enhancer (Life Technologies, California, USA) to increase 

PCR yield, 2, 3 and 3 µL of 20mg/mL Bovine Serum Albumin (BSA; Sigma, Auckland, New Zealand), 

and 3, 3 and 1 µL of template DNA (~3 ng/µL) or 1, 1.5 and 2 µL of cDNA (10 ng/µL). For bacteria, 

reaction cycling conditions were: 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 

s, 72°C for 1 min, with a final extension step at 72°C for 5 min. Reaction cycling conditions for 

eukaryotes were: 95°C for 5 min, followed by 35 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 45 

s, with a final extension step at 72°C for 7 min. For Foraminifera, reaction cycling conditions were: 

94°C for 90 s, followed by 40 cycles for cDNA and 50 cycles for DNA of 94°C for 20 s, 54°C for 20 

s, 72°C for 45 s, with a final extension step at 72°C for 5 min. To ensure amplification of 

uncontaminated products, all PCR included negative controls (no template samples). 

Amplicons were purified with AMPure® XP PCR Purification beads (Agencourt®, MA, USA) 

following the manufacturers’ instructions, quantified using a Qubit® Fluorometer (Life Technologies, 

Carlsbad, CA, USA), and diluted to 3 ng/µL with ddH2O.  

Three distinct libraries were prepared for high-throughput sequencing (HTS) analysis: one 

library contained purified PCR products derived from the bacterial and eukaryotic eDNA, another 

library was derived from the eRNA co-extracted from the same above samples, and the third contained 

both eDNA and eRNA from the Foraminifera samples. Each library contained a negative (20 µL of 

ddH2O) and positive control. The latter corresponded to three DNA samples from three previously 

isolated marine species (Sabella spallanzanii, Ciona savignyi and Perna perna [Pochon et al., 2013]) 

that were PCR amplified, purified and quantified following the eukaryote DNA protocol described 

above, and pooled together at equimolar concentration. Prior to sequencing, each purified amplicon 

was individually indexed by New Zealand Genomics Ltd (NZGL, Auckland, New Zealand) using the 
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NexteraTM DNA library Prep Kit (Illumina, California, USA). Libraries were sequenced on a MiSeq 

IlluminaTM platform using a 2×250 base pair paired-end protocol by NZGL (Auckland, New Zealand). 

The raw sequencing reads are publicly available in the Sequence Read Archive (SRA) under the 

accession numbers SRR5376949 to SRR5376667. 

Bioinformatics analysis 

Using the VSEARCH tool (Rognes et al., 2016), sequenced reads were truncated from the first 

base where the Q score dropped below three, and paired-end assembled with a minimum merge length 

of 200 nucleotides for bacteria and eukaryotes, and 100 nucleotides for Foraminifera. Sequences were 

demultiplexed and paired-end assembled with a maximum of one base-pair error per merged reads, 

and dereplicated into unique sequences. Chimera detection was performed by mapping the 

representative bacterial sequences to the Ribosomal Database Project (RDP; Cole et al., 2014), 

eukaryotic sequences to the Protist Ribosomal 2 database (PR2; Guillou et al., 2013), and Foraminifera 

unique sequences to an in-house Foraminifera database combining manually curated sequences from 

the National Center for Biology Information (NCBI, n=710), and sequences obtained from 

morphologically characterized individual single cells (n=251) in NZ (Pochon et al., 2015). Non-

chimeric sequences were clustered into operational taxonomic units (OTUs) using the Swarm 

clustering method (Mahé et al., 2014), with a local clustering threshold (d value) of three, and were 

taxonomically assigned with the default setting of the uclust assigner implemented in the QIIME 

package (Caporaso et al., 2010). Unassagnied OTUs were removed from the bacterial, eukaryotic and 

Foraminifera datasets. 

Sampling depth per sample was investigated by generating rarefaction curves on observed 

OTUs, Chao1 and Shannon metrics (Figure S5), in QIIME (Caporaso et al., 2010). To eliminate PCR 

and sequencing artefacts, and those originating from legacy DNA (Egge et al., 2013; Ficetola et al., 

2015; Laroche et al., 2017), OTUs that were not present in both eDNA and eRNA datasets from the 

same sample were removed. For the eukaryote dataset, a concomitant effect of using this trimming 

method is that it removes most macro-faunal OTUs derived from extracellular DNA, generating a 

dataset enriched in micro- and meio-fauna. Read counts among samples were normalised based on 

(Aguirre de Carcer et al., 2011), by randomly subsambling OTU datasets 100 times to the median 

number of reads among samples, averaging read counts and rarefying to the lowest number of reads 

among all samples. 
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5.2.3 Data analysis and statistics 

Taxonomic assignments of bacteria, eukaryotes and Foraminifera were visualized in a web 

browser with the interactive pie chart tool Krona (Ondov et al., 2011). Ecological effects of O&G 

production and drilling activities were assessed for each site (ED, OP and GPD), by grouping samples 

into two categories: near-field stations (≤ 100 m from activities for ED, and ≤ 250 for OP and GPD) 

and far-field stations (> 100 m from activities for ED, and > 250 m for OP and GPD). The different 

distance limit to separate near- and far-field samples among sites was determined by the variable 

degree of impact associated with exploratory and production activities, and based on related 

monitoring reports from Johnston et al. (2015), Johnston and Elvines (2015), and Skilton et al.(2015). 

Differences in alpha-diversity metrics (observed number of OTUs and Shannon index) between near- 

and far-field stations were tested by a nonparametric t-test with 999 permutations using the QIIME 

pipeline (Caporaso et al., 2010). Effect on beta-diversity was investigated from Bray-Curtis 

dissimilarity matrices (Clarke et al., 2001) based on square root transformed read abundance, and using 

permutational multivariate analysis of variance (PERMANOVA) implemented in PRIMER 7 

(PRIMER-E Ltd., Plymouth, UK), with 999 permutations. The PERMANOVA design corresponded 

to a nested model with two fixed factors: direction from the centre of activity (e.g., north and south, 

east and west), nested in the distance-based categories (e.g., near-field versus far-field stations). 

Correlation among biological datasets (based on Bray-Curtis dissimilarity matrices from square root 

transformed data), and between physico-chemical properties of sediment (based on Euclidean distance 

matrices from square root transformed and normalized data) were tested using a Mantel test with 999 

permutations. For environmental data, only variables significantly influenced by drilling and 

production activities were used, based on the Johnston et al. (2015) and Skilton et al. (2015) monitoring 

reports. These corresponded to sediment texture, barium and organic content (ash-free dry weight 

[ADFW]) for ED, barium and total organic content (TOC) for OP, and TOC, barium, cadmium, zinc, 

polycyclic aromatic hydrocarbons (PAH), total petroleum hydrocarbons (TPH) and sediment texture 

for GPD (Johnston and Elvines, 2015). Mantel tests were performed with the QIIME pipeline 

(Caporaso et al., 2010). Visualisation of assemblage dissimilarity among samples was realised using 

Detrended Correspondence Analysis (DCA; Hill and Gauch, 1980) plots with the R package ‘vegan’ 

(Oksanen et al., 2017). Identification of potential bioindicator taxa of environmental changes from 

drilling and production activities was undertaken with the ‘indicspecies’ R package (De Caceres et al., 

2015) by using the multipatt function with 999 permutations and the near-field and far-field stations 

as groups. OTUs that were present in less than three samples were discarded. Bioindicators were 

assessed at the following taxonomic levels: phylum, class, order, family, genus, species and OTU. 
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Taxa identified as putative sensitive (dominant in far-field) or putative resistant (dominant in near-

field) indicators were visualized in cladograms using the LeFSe program (Segata et al., 2011). For the 

DCA plots and bioindicator analyses, only eDNA data was used as our analysis of this dataset indicated 

that it was more sensitive than eRNA, and more strongly correlated with the environmental variables.  

5.3 Results 

5.3.1 High-throughput sequencing libraries and sequencing output 

The negative controls (ddH2O samples) contained a total of 524 raw reads in the bacterial and 

eukaryotic eDNA library, 405 in the equivalent eRNA library, and 746 in the Foraminifera 

eDNA/eRNA library. None of these reads remained after quality filtering and chimera removal. The 

positive controls were assigned at 99.9% to the three target taxa. 

From the 63 sediment samples co-extracted for eDNA and eRNA, 378 PCR products were 

sequenced (63 for eDNA and 63 for eRNA of each taxonomic group [bacteria, Foraminifera and 

general eukaryotes] yielding a total of 19,142,286 reads (Table S21). Merging and filtering low-quality 

reads discarded 36.3 % of total reads. Removal of chimera sequences further reduced the number of 

read counts by 19.1% for bacteria, 37.9% for eukaryotes, and 0.2% for Foraminifera. Among the 

processed samples, four failed to provide sufficient concentrations of good quality reads of DNA and 

RNA, and were excluded from subsequent analyses (Table S18). Results from the rarefaction curves 

on alpha-diversity indices indicated that a minimum of 2,500 reads were necessary to capture most of 

the diversity within samples. Eight samples did not have the minimum depth required and were 

discarded (Table S20). Once trimmed by shared OTUs and read counts normalized among samples, a 

total of 362,525 read counts and 5,478 OTUs remained for bacteria, 311,038 read counts and 3,869 

OTUs for eukaryotes, and 283,175 read counts and 1,563 OTUs for Foraminifera.  

5.3.2 Taxonomic groups retrieved from environmental metabarcoding 

The main taxonomic classes identified in bacteria were Gammaproteobacteria (eDNA 75%; 

eRNA 82%), Alphaproteobacteria (eDNA 11%; eRNA 8%) and Deltaproteobacteria (eDNA 5%; 

eRNA 4%), which all belong to the Gram-negative Phylum Proteobacteria (Figure S6). As for 

eukaryotes, the large majority of OTUs corresponded to metazoans (eDNA 91%; eRNA 94%), 

particularly the classes Annelida (eDNA 37%; eRNA 33%), Nematoda (eDNA 19%; eRNA 20%) and 

Arthropoda (eDNA 18%; eRNA 20%) (Figure S7). In Foraminifera, most OTUs belonged to the class 
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Monothalamea (eDNA 58%; eRNA 56%), followed by Globothalamea (eDNA 32%; eRNA 36%), 

with a small proportion of unidentified taxa (eDNA 8%; eRNA 8%, Figure S8).  

5.3.3 Differences in biological assemblages within sites 

Alpha-diversity assessment 

There was a significant difference between the near- and far-field station groups at OP (less 

taxa diversity in near-field samples), for all studied taxonomic groups (bacteria, Foraminifera and 

eukaryotes), but only when using eDNA (Table 5.1). Furthermore, when the difference in Shannon 

index was compared between station groups, only bacterial eDNA showed a significant difference. At 

GPD, a significant difference between groups (higher diversity in near-field samples) was observed 

with both indices and only for bacteria, with slightly higher t-test values for eDNA (Table 5.1). At the 

ED site, a significant difference between the groups could be detected with both indices (lower 

diversity in near-field samples) for bacterial eDNA and eRNA, Foraminifera eDNA, and macro-fauna 

(Table 5.1).  

Table 5.1 Non-parametric t-tests with 999 permutations on the alpha-diversity metrics ‘observed 
taxa’ and ‘Shannon index’ between the near-field and far-field station groups, per taxon and per site.  
eDNA = environmental DNA, eRNA = environmental RNA; ED = exploratory drilling site, OP = oil 
floating production and storage platform, and GPD = gas production and drilling site. Significant p-
values are in bold. 

Taxa 
Observed taxa Shannon index 

OP GPD ED OP  GPD ED 
t-test p-value t-test p-value t-test p-value t-test p-value t-test p-value t-test p-value 

Bacteria  
(16S rRNA) 

eDNA -6.11 <0.01 3.18 0.01 -3.88 <0.01 -4.24 <0.01 3.10 <0.01 -4.06 <0.01 
eRNA -1.48 0.15 3.17 0.01 -2.80 0.01 -0.58 0.57 2.84 0.01 -2.19 0.05 

 

Foraminifera  
(18S rRNA) 

 

eDNA 
 

-2.27 
 

0.03 
 

-0.52 
 

0.64 
 

-2.16 
 

0.04 
 

-0.91 
 

0.41 
 

0.22 
 

0.84 
 

-1.95 
 

0.07 
eRNA -1.99 0.06 -0.77 0.47 -1.46 0.16 -0.77 0.50 0.15 0.87 -0.39 0.69 

 

Eukaryote  
(18S rRNA) 

 

eDNA 
 

-2.21 
 

0.05 
 

0.13 
 

0.93 
 

0.72 
 

0.50 
 

-1.27 
 

0.23 
 

0.26 
 

0.81 
 

-0.28 
 

0.77 
eRNA -1.26 0.23 -0.22 0.86 0.41 0.69 -0.83 0.42 0.22 0.87 -0.15 0.90 

 

Macro-fauna 
 

0.70 
 

0.49 
 

-0.51 
 

0.62 
 

-2.74 
 

0.01 
 

0.93 
 

0.39 
 

-0.58 
 

0.57 
 

-2.93 
 

0.01 

Beta-diversity assessment 

At the OP site, a significant effect between the near-field and far-field groups was observed for 

all biological datasets, with the exception of bacterial eRNA (Table 5.2). At GPD, all datasets showed 

a significant difference between the near-field and far-field station groups, and at ED, only eukaryotic 

assemblages were not significantly different. In general, differences between the near-field and far-

field groups were greater with eDNA than eRNA datasets. Inclusion of ‘Direction’ as a co-factor 

resulted in a significant difference at all sites and all datasets except for eukaryotic eDNA/eRNA and 
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bacterial eRNA (Table 5.2). Pair-wise analyses of the effect of direction within the near-field versus 

far-field station groups (Table S22) showed that significant effects were only observed among far-field 

stations. 

Table 5.2 Permutational multivariate analysis of variance (PERMANOVA) per taxon and per site, 
with 999 permutations and using a two-way fixed factors model: distance categories (Dist_cat) with 
near-field and far-field stations as groups, and Direction (north-south or east-west) from center of 
activity, nested in the first factor.  
eDNA = environmental DNA, eRNA = environmental RNA; ED = exploratory drilling site, OP = oil 
floating production and storage platform, and GPD = gas production and drilling site. Significant p-
values are in bold. 

Taxa 
PERMANOVA 

Dist_cat Direction (Dist_cat) 
 OP GPD ED OP GPD ED 

F p-value F p-value F p-value F p-value F p-value F p-value 
Bacteria 
(16S rRNA) 

eDNA 1.97 <0.01 3.20 <0.01 5.25 <0.01 1.22 0.01 2.10 <0.01 1.68 0.02 
eRNA 1.00 0.48 2.71 <0.01 3.52 0.01 0.97 0.57 2.28 <0.01 1.24 0.19 

 

Foraminifera  
(18S rRNA) 

 

eDNA 
 

3.13 
 

<0.01 
 

4.88 
 

<0.01 
 

1.86 
 

0.01 
 

1.77 
 

<0.01 
 

1.54 
 

<0.01 
 

1.57 
 

<0.01 
eRNA 2.60 <0.01 4.24 <0.01 2.01 <0.01 1.38 0.01 1.51 <0.01 1.46 <0.01 

 

Eukaryote  
(18S rRNA) 

 

eDNA 
 

1.42 
 

0.05 
 

3.51 
 

<0.01 
 

1.13 
 

0.26 
 

1.13 
 

0.22 
 

1.02 
 

0.43 
 

0.96 
 

0.59 
eRNA 1.54 0.03 3.43 <0.01 1.15 0.26 1.09 0.22 1.19 0.10 0.91 0.79 

 

Macro-fauna 
 

3.46 
 

<0.01 
 

3.24 
 

<0.01 
 

2.14 
 

<0.01 
 

2.17 
 

<0.01 
 

1.51 
 

0.02 
 

2.00 
 

<0.01 

 

5.3.3 Community ordinations and environmental drivers 

Detrended correspondence analyses per taxon and per site were used to visualize community 

dissimilarities between near-field versus far-field station groups. Environmental variables that 

significantly correlated with biological assemblages were overlaid in each ordination. While a clear 

distinction was observed between near-field and far-field assemblages of bacteria, Foraminifera and 

macro-fauna at each site, eukaryotic assemblages tended to overlap, especially at GPD and ED sites 

(Figure 5.2). There were also fewer significant correlations between eukaryotic assemblages and 

environmental factors. Organic content (TOC or AFDW), barium concentration and grain size of 

sediment were the variables that most constantly and strongly correlated with biological assemblages. 
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Figure 5.2 Detrended Correspondence Analyses (DCA) per taxon and per site, based on 
environmental DNA (eDNA) data for bacteria (A-C), Foraminifera (D-F) and eukaryotes (G-I), and 
morphologically identified macro-fauna (J-L).  
Environmental factors with significant correlation (p £ 0.05) with ordinations are overlaid, with 
length of the arrow representing strength of the gradient. 

5.3.4 Correlations between environmental variables, molecular and morphological assemblages 

At the OP site, all biological assemblages correlated significantly with the environmental 

factors (i.e., environmental variables significantly influenced by drilling and production activities), 

except for bacterial eRNA and eukaryote eRNA (Table 5.3). In contrast at GPD, macro-fauna was the 

only taxon that did not show any significant correlation with environmental factors. At ED, all but 

eukaryotic assemblages showed significant correlations. When correlating HTS-derived communities 
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with morphologically identified macro-fauna, diverging results were obtained per site and per taxon. 

Only Foraminifera eDNA consistently correlated strongly with macro-fauna.  

Table 5.3 Mantel tests based on Bray-Curtis distance matrices of biological assemblages and 
Euclidean distance matrices of environmental factors influenced by the drilling and production 
activities.  
eDNA = environmental DNA, eRNA = environmental RNA; ED = exploratory drilling site, OP = oil 
floating production and storage platform, and GPD = gas production and drilling site. Significant p-
values are in bold.  

Taxa 

Mantel tests 
Environmental factors Macro-fauna 

OP GPD ED OP GPD ED 
r p-value r p-value r p-value r p-value r p-value r p-value 

Bacteria  
(16S rRNA) 

eDNA 0.53 <0.01 0.41 <0.01 0.53 <0.01 0.50 <0.01 0.08 0.52 0.46 <0.01 
eRNA 0.03 0.84 0.35 <0.01 0.40 <0.01 0.02 0.92 -0.01 0.92 0.21 0.03 

 

Foraminifera  
(18S rRNA) 

 

eDNA 
 

0.60 
 

<0.01 
 

0.36 
 

<0.01 
 

0.57 
 

<0.01 
 

0.65 
 

<0.01 
 

0.45 
 

<0.01 
 

0.57 
 

0.01 
eRNA 0.50 <0.01 0.41 <0.01 0.41 0.01 0.52 <0.01 0.30 <0.01 0.28 0.08 

 

Eukaryote 
(18S rRNA) 

 

eDNA 
 

0.28 
 

0.05 
 

0.18 
 

0.01 
 

0.13 
 

0.26 
 

0.07 
 

0.72 
 

0.24 
 

0.04 
 

0.06 
 

0.62 
eRNA 0.20 0.17 0.22 0.01 0.10 0.42 0.11 0.61 0.17 0.19 0.16 0.18 

 

Macro-fauna 
 

0.62 
 

<0.01 
 

0.16 
 

0.06 
 

0.54 
 

<0.01 
 

NA 
 

NA 
 

NA 
 

NA 
 

NA 
 

NA 

5.3.5 Bioindicators 

Biological indicators of environmental perturbation were identified per site and per taxon at 

different taxonomic levels (e.g. phylum, class, order, family, genus, species, and OTU; Table S23). 

Among HTS datasets, the highest number of potential bioindicators were identified at the OTU level, 

with at least three times more indicator taxa compared to higher taxonomic levels (Table 5.4). Of the 

indicator OTUs, 51% could be identified to the genus level for bacteria, 32% for eukaryotes, and 49% 

for Foraminifera (Table S24).  

Across all sites, only one bacterial taxon (OTU 119960 identified as an Aliivibrio sp.) was 

constantly considered an indicator of O&G activities (Table S23), being more abundant in the near-

field stations, and a total of 17 bacterial indicators (at distinct taxonomic levels) were identified in at 

least two sites. These included one genus (Thalassobacter; Figure 5.3) and 8 OTUs (Table S23) 

considered putative resistant indicators, and 8 putative sensitive OTUs. For Foraminifera, one species 

(Glabratella sp.; Figure 5.3) and three OTUs (Table S23) were identified as putative resistant 

indicators in at least two sites, while three OTUs (Table S23) were recognized as putative sensitive 

taxa. Among the eukaryote HTS data, recurrent resistant taxa were represented by the phylum 

Gastrotricha of which four OTUs could be identified as indicators in at least two sites (Figure 5.3; 

Tables S23). None of the macro-fauna indicator taxa were shared across sites. Compared to OP and 

ED sites, the proportion of near-field indicators was more important at GPD site (Figure 5.3). 
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Table 5.4 Total number of bioindicators per dataset and per taxonomic level, estimated using the 
indicspecies R package and the ‘multipatt’ function, and using the near-field and far-field stations as 
groups.  
Only taxa with a significant p-value were retained. NA = Non-applicable. 

Taxonomic level Bacteria (16S 
rRNA) 

Foraminifera 
(18S rRNA) 

Eukaryote 
(18S rRNA) 

Macro-fauna 
(morphology) 

Phylum 1 0 2 0 
Class 7 0 4 2 
Order 12 0 7 3 
Family 18 5 10 15 
Genus 36 12 17 19 
Species NA 18 19 19 
OTU 374 139 140 NA 
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Figure 5.3 LeFSe cladograms per site of bacteria (16S rRNA), Foraminifera (SSU 37f), eukaryotes 
(18S rRNA) and macro-fauna indicators (indicated by a star), based on results from the ‘multipatt’ 
function of the indicspecies R package.  
The blue and red colors represent which of the groups (near-field [red] vs far-field [blue] stations) 
the indicator taxa are in most abundance. The cladogram includes eight taxonomic ranks: Domain, 
Phylum, Class, Order, Family, Genus, Species, Operational taxonomic Units (OTU). Taxa that were 
considered indicator in at least two sites are displayed in bold. Alphaproteobacteria =  , 
Betaproteobacteria = , Deltaproteobacteria = , Gammaproteobacteria = , Epsilonproteobacteria = 
, Foraminifera = forams. 
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5.4 Discussion 

Environmental DNA metabarcoding studies enable large-scale community-wide analyses of 

organisms across multiple trophic levels. They provide the opportunity to develop standardized 

protocols that can be applied internationally and for which results can be easily audited (Ji et al., 2013). 

In contrast, traditional biological surveys are usually limited to a more restricted range of the benthic 

community, sampling meio- and macro-faunal taxa (Danovaro et al., 2016; Mueller and Geist, 2016), 

taxonomic assignments are dependent on the taxonomist expertise (Zimmermann et al., 2015), and 

auditing results require long-term storage of large and sometimes cumbersome samples.  

The use of morphological-based analysis for biomonitoring of O&G sites is likely to become 

increasingly challenging due to; insufficient taxonomic expertise available (Maurer, 2000; Wheeler, 

2004), the projected increase in offshore and deep-sea mining projects (LUKOIL, 2013; United 

Nations Environment Programme, 2014), and the gradual transition of environmental programs and 

legislations towards ecosystem-based assessments, which require multiple taxonomic groups to be 

characterized. In this study, we used eDNA and eRNA metabarcoding to characterize how bacterial, 

Foraminifera and other eukaryotic assemblages change with increasing distance from offshore O&G 

drilling and production activities, and compared the results to those obtained using traditional 

morphological identification of macro-fauna. 

5.4.1 Response of benthic communities to drilling and production activities 

Although compositional changes (b-diversity) were similar among high-troughput sequencing 

(HTS) derived micro- and meio-faunal assemblages and morphologically identified macro-fauna 

communities, a-diversity differed among HTS groups and between HTS and morpho-taxonomic 

inventories. In particular, and in opposition with our second hypothesis, bacterial richness was 

significantly impacted by O&G operations at all sites, while general micro-, meio- and macro-

eukaryotes richness was only significantly affected at the oil production (OP) and exploratory drilling 

(ED) sites. Interactions between bacteria and eukaryotes (e.g., predation, obligate symbiosis, etc.) play 

an important role in structuring food webs in marine ecosystems (Louati et al., 2013; McFall-Ngai et 

al., 2013). Meio- and macro-faunal activity has been shown to stimulate benthic bacterial communities 

through positive interactions from physical and biogeochemical changes to the ecosystem (Nascimento 

et al., 2012). Therefore, it was not surprising to observe a decrease in bacterial richness at sites where 

eukaryotic richness (either Foraminifera [18S rRNA], general eukaryotes [18S rRNA] or macro-fauna) 

was lower. Furthermore, environmental perturbations at the gas production and drilling (GPD) site 
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were slightly different than at OP and ED sites, which could explain the greater taxa richness observed 

in bacteria. At the GPD sites all near-field stations were characterized by higher barium concentrations, 

coarser sediment and lower organic contents (Johnston et al., 2015; Skilton et al., 2015), and higher 

concentrations of cadmium, zinc, PAH and TPH (Johnston and Elvines, 2015). These metals were not 

in sufficient concentrations to cause toxicity (Johnston and Elvines, 2015), however, PAH and TPH 

concentration in some near-field samples were slightly above the low trigger values (10% chance to 

observe biological effect) of the Interim Sediment Quality Guidelines (ISQG as defined in ANZECC, 

2000).  

Hydrocarbons represent, for some bacteria, an essential or alternative source of carbon and 

energy (Head et al., 2006; Kostka et al., 2011; Yakimov et al., 2007). Petroleum impacted sites usually 

contain lower microbial diversity (LaMontagne et al., 2004; Quero et al., 2015; Yakimov et al., 2005). 

Nonetheless, persistent exposure to low concentrations of PAH and TPH contaminated sediment may 

have increased the bacterial richness and abundance of a few specialized hydrocarbonoclastic bacteria, 

without significant loss of responsive taxa. In this study, this is supported by the predominance of 

genera that obtain carbon and energy from alkanes (i.e., Alcanivorax, dos Santos et al., 2008; Kasai et 

al., 2002) and aromatic compounds (i.e., Microbulbifer, Gonzalez et al., 1997) in GPD near-field 

samples.  

In this study, we hypothesized that the micro- and meio-faunal communities would be more 

responsive to drilling and oil production operations than macro-fauna due to their shorter life cycle 

and high sensitivity to small environmental changes. While this was the case for bacteria and 

foraminifera, the 18S rRNA dataset, which mainly consisted of metazoan reads, was the least 

responsive to drilling and production activities. In this dataset, a number of macro-invertebrate 

sequences were detected in both eDNA and eRNA despite the small size of our sediment samples (2g). 

A likely explanation is the detection of larvae, eggs or semen from these organisms. Although more 

fragile than DNA, extracellular RNA from arthropods have been reported in anoxic marine sediment 

over 10 years old (Orsi et al., 2013). It is therefore possible that some eukaryotic extracellular RNA 

fragments were amplified, which could have diminished the sensitivity of this dataset. 

Small differences between eDNA and eRNA a-diversity were observed for all HTS derived 

taxa, with weaker dissimilarities between near-field and far-field groups using eRNA. Since OTUs 

that were not shared between eDNA and eRNA extracted from the same samples were discarded, 

similar OTU richness results were expected. The sub-sampling normalization method of read counts 

results in small disparities. The observed tendency of weaker richness differences between the sample 
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groups (near-field vs far-field) of eRNA could be incidental, or occur because the relative read 

abundance of some taxa may have been overrepresented (Laroche et al., 2017). 

The structure of biological assemblages derived from eDNA data was more responsive to the 

effect of O&G activities than those obtained from eRNA. Fegatella et al. (1998) showed that rRNA 

can have a far greater range of expression than rDNA genes. Concentration of the former represents a 

cell’s ability to synthesize proteins for growth, acclimation or other functions, and is therefore highly 

dependent on traits such as reproduction strategy and life history of a given organism (Blazewicz et 

al., 2013). Therefore, rRNA may not necessarily provide a good proxy for estimating cell abundance. 

This trend is in line with previous findings (Laroche et al., 2017), and gives weight to the assumption 

that eDNA data, when trimmed by shared OTUs with eRNA, represent a better proxy than eRNA for 

assessing anthropogenic impacts on marine benthic ecosystems.  

5.4.2 Bioindicator taxa 

Operational taxonomic units represent the most distinctive identification level achieved among 

taxa using sequence data, and therefore provide the most discriminating information available between 

samples. In each taxonomic group (bacteria, Foraminifera and general eukaryotes), most potential 

indicator taxa identified in this study were at the OTU level, with decreasing numbers in each higher 

taxonomic level. A large number of OTUs could not be identified at the species or genus level due to 

the paucity of the reference libraries, limiting ecological information that could be assigned to the 

indicator taxa. While it is possible to aggregate data at higher taxonomic rank, OTUs and species 

within same taxonomic organizations (e.g., genus or family) may belong to different ecological groups, 

decreasing the sensitivity of these bioindicators (Jones, 2008). 

For monitoring changes in biotic assemblages, associating taxonomic assignments to OTUs is 

not necessary (Chariton et al., 2014; Danovaro et al., 2016; Pawlowski et al., 2016b). However, this 

lack of information limits knowledge on the ecological processes driving shifts at the community level. 

Pawlowski et al. (2016b) notes that morphology-based taxonomic description of microbial eukaryotes, 

even if targeting only potential bioindicators, would be a colossal task. Instead, ascribing ecological 

values to HTS derived taxa appears more feasible and would drastically increase the number of 

informative bioindicators, improving our comprehension of interactions and processes underlying 

community changes. Such an approach has been successfully applied for eDNA metabarcoding-based 

biomonitoring of fish farming activity, where specific taxonomic groups of OTUs were assigned to 

eco-groups (i.e., communities across enrichment gradients) to develop a Metabarcoding Biotic Index 

(MBI) using multi-trophic data (Keeley et al., 2017). A number of other researchers have also 
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promoted the use of taxonomy-free approaches for associating ecological information to OTUs 

(Apothéloz-Perret-Gentil et al., 2017; Cordier et al., 2017; Keck et al., 2017). 

When identifying indicator taxa, various selection criteria should be considered. A review by 

Siddig et al. (2016) showed that the most popular criteria are anterior research, ecological significance 

and abundance of putative indicators. Furthermore, a wide range of ecological characteristics can be 

used to assess their performance (e.g. fidelity, specificity, sensitivity, [Gerhardt, 2002]). In this study, 

we focused on taxa that were present in at least three samples and used the multipatt function of the 

‘indicspecies’ R package, taking into account the specificity and fidelity of each taxon towards the 

near and far-field group samples. Our main aim was to identify taxa that could, directly or indirectly, 

be potential indicators of drilling and production activities, and that would be consistent among sites.  

Many of the identified putative indicators were site specific. Most of the recurrent indicators 

were bacteria, and among macro-fauna, no indicators were shared across sites. The high specificity of 

these putative bioindicators highlight that the sites differ substantially from each other, due to the type 

of anthropogenic activity (drilling vs production vs drilling and production), the type of resource being 

extracted (oil vs gas), and environmental elements characterizing each site. Nonetheless OP and GDP 

sites, both characterized by oil and gas production activities, shared the Foraminifera Glabratella sp. 

as a putative resistant indicator. Furthermore, GDP and ED sites, which are marked by drilling 

operations, shared the Gastrotricha phylum as a putative resistant indicator. Gastrotricha possess many 

characteristics of opportunistic organisms (short life cycle, fast egg development, dormant stages; 

Ricci and Balsamo, 2000) and are thought to be particularly tolerant to seawater acidification (Schade 

et al., 2016) which, due to high concentration of H2S from bacterial anaerobic activity, often occur 

near offshore drilling platforms (Suflita and Duncan, 2010; Williamson, 2010).  

Although we used total read abundance of normalized samples (equal number of reads) to 

identify putative indicator taxa, high-throughput sequencing data is compositional (Fernandes et al., 

2014; Zhou et al., 2015). Consequently, changes in read abundance may not correspond to changes in 

absolute abundance or biomass (Zhang et al., 2017). Difference in taxonomic coverage between primer 

sets, and PCR-amplification biases (Clarke et al., 2014; Elbrecht and Leese, 2015; Pawluczyk et al., 

2015) can also affect relative read abundance and may partially explain the low abundance or absence 

of certain taxa (especially non-foraminiferal protists) in our datasets. While our intention was to screen 

for potential indicator taxa, the confirmation of reliability and specificity of potential indicator taxa, 

and the identification of consistent eco-groups will require additional studies at larger spatial and 

temporal scales, and would benefit from the use of quantification analysis (e.g. quantitative real-time 

PCR). 
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5.5 Conclusion 

In the present study, eDNA metabarcoding outperformed the traditional morphological-based 

monitoring. Metabarcoding data provided information on biota usually excluded from monitoring 

surveys, and the target organisms using this method appeared more sensitive to impacts of O&G 

activities. Bacterial eDNA was more responsive to O&G activities, followed by Foraminifera eDNA, 

macro-fauna and general eukaryotes (mostly metazoans) eDNA. Bacterial eDNA proved to be 

particularly useful in providing insights into biological activities occurring at petroleum impacted 

stations with the increased presence of hydrocarbonoclastic taxa. A larger number of HTS-derived taxa 

were identified as either sensitive or tolerant to O&G activities, however, only a limited number of 

taxa were considered as environmental indicators in more than one site, highlighting their high 

specificity to site conditions. In such case, indicator taxa may be more useful in providing site specific 

information on ecological processes and interactions than for general environmental impact 

assessments. Overall, a- and b-diversity from eDNA data with OTUs trimmed by their shared presence 

in eDNA and eRNA of identical samples represented the best proxy of biological perturbation from 

O&G activities. 
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Chapter Six 
Incorporating molecular-based functional and co-occurance 
network properties into benthic marine impact assessments  

Submitted as:  

Laroche, O., Pochon, X., Tremblay, L.A., Ellis, J.I., Lear, G., Wood, S.A., 2018. Incorporating 
molecular-based functional and co-occurrence network properties into benthic marine impact 
assessments. FEMS Microbiology Ecology. Accepted with minor revision. .  

 

6.1 Introduction 

High-Throughput Sequencing technologies have greatly advanced the field of biomonitoring 

(Baird and Hajibabaei 2012). Environmental DNA/RNA (eDNA/eRNA; defined here as intra- and 

extracellular genetic material retrieved from environmental samples) and molecular methods such as 

metagenomics, metatranscriptomics, and metabarcoding are now used to complement traditional 

biomonitoring techniques (Bourlat et al. 2013; Bohmann et al. 2014). Metagenomics, the study of all 

genes contained in eDNA, and metatranscriptomics, the study of all transcripts found in eRNA, provide 

information on potential and actual microbial activities occurring in situ. Both methods require a 

combination of ‘deep’ DNA sequencing (high number of replicate reads) and bioinformatics to 

accurately annotate sequences (Gilbert and Dupont 2011; Knight et al. 2012; Pascault et al. 2014). 

This results in high costs and large datasets that make these methods challenging to use for routine 

biomonitoring surveys. Conversely, metabarcoding focuses on small specific DNA/RNA fragments 

(barcodes), which are amplified, sequenced and taxonomically assigned using reference databases. 

This more selective method allows for fast, cost effective and accurate characterization of biological 

communities and is applicable to large-scale monitoring programs (Ji et al. 2013).  

Taxonomic information from metabarcoding data can also be used to deduce distinct functional 

traits associated with specific environments, and assess functional redundancy (e.g. number of species 

sharing similar functions) in a community, which can be used to help in estimating ecosystem 

resilience (Walker 1992; Chapin III 1997; Hooper et al. 2005). Datasets often contain hundreds to 

thousands of taxa and therefore, it is not feasible to manually investigate the functions associated with 

each identified taxon. Software packages such as PICRUSt (Langille et al. 2013), Tax4Fun (Aßhauer 

et al. 2015) and PAPRICA (PAthway PRediction by phylogenetIC placement; Bowman and Ducklow 
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2015) have been developed to associate metabolic community functions using 16S ribosomal RNA 

(rRNA) gene data. These programs use a group of evolutionary models known as hidden state 

prediction methods (Zaneveld and Thurber 2014) to assign functional traits of organisms (including 

uncultured species), from the properties of closely related taxa. Functional profiles ascribed using such 

method have been tested and correlated with shotgun metagenomics (Langille et al. 2013; Rooks et al. 

2014; Aßhauer et al. 2015; Bowman and Ducklow 2015) and metabolomics profiles (McHardy et al. 

2013). 

The PAPRICA program uses a phylogenetic placement approach for assigning each sequence 

to ‘Edges’ (nodes in its built-in reference phylogenetic tree of 16S rRNA gene sequences from 

complete genomes), and accounts for genomic variability by computing a genetic plasticity index (phi; 

genome adaptation through loss or gain of DNA material). Furthermore, it estimates genome 

parameters (e.g. mean genome size and mean number of coding DNA sequences per sample) which 

provide further insight into differences among biological assemblages under different environmental 

conditions. Functional profiling using a hidden state prediction approach is not intended to replace 

metagenomics analyses but can be valuable in cases where the number of samples and/or available 

funding prevent the application of more extensive sequencing methods. 

Oil and gas (O&G) drilling and production activities can have substantial effects on benthic 

ecosystems including: sedimentation and coarsening of sediment, increase of barium concentration 

and of a variety of other trace metals (arsenic, cadmium, mercury, etc.), which can result in reduced 

taxonomic and functional diversity of the benthic community (Ellis, Fraser and Russell 2012). Such 

effect has been observed in many studies (Neff 1987; Carr et al. 1996; Daan 1996; Ellis, Wilson-

Ormond and Powell 1996; Montagna and Harper, Jr. 1996; Currie and Isaacs 2005; Trannum et al. 

2010) and usually occur within 300 m from the wells (Ellis, Fraser and Russell 2012). 

Characterization of biotic associations is an alternative approach to biological diversity 

indicators to evaluate the condition of an ecosystem (Karimi et al. 2017). It has been proposed that in 

perturbed environments, alterations in association networks such as reduced network connectivity and 

complexity precede diversity changes, which subsequently influence the processes of an ecosystem 

(Valiente-Banuet et al. 2015), and may lead to the long-term reduction of its stability (Tylianakis et 

al. 2010). Few studies have compared global association network topology between impacted and non-

impacted microbial communities (e.g. Zhou et al. 2011; Lupatini et al. 2014; Zappelini et al. 2015; 

Karimi et al. 2016; Sauvadet et al. 2016; Lawes et al. 2017), and to our knowledge, none have been 

undertaken on offshore O&G drilling and production activities. 
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In this study, changes in functional community composition and in biological associations were 

assessed to evaluate the effect of O&G drilling and production operations on bacterial communities. 

To do this, differences in biological assemblage structure and network parameters at impacted and 

non-impacted sampling stations were investigated. Results obtained from metabolic assignment 

(Pathways dataset [pathways associated with each taxon, herein ‘Edges’]) to taxonomic attribution 

(OTUs dataset [operational taxonomic unit based on sequence similarity clustering], and Edges dataset 

[sequences clustered by phylegenetic distance by PAPRICA]) were compared. We hypothesized that: 

(1) metabolic pathways relevant to the O&G drilling and production operations would correlate with 

their associated environmental parameters; (2) that the effect of O&G activities on alpha- and beta-

diversity metrics would differ between the functional and taxonomic community profile as metabolic 

functions can be shared by taxa with different resistance to biotic and abiotic stress; and (3) that 

differences in biological network properties would be observed between taxonomic versus metabolic 

datasets and between impacted and non-impacted sampling stations, with reduced network 

connectivity and complexity in impacted stations. 

6.2 Material and Methods 

6.2.1 Field sampling 

Sediment samples were collected in the South Taranaki Bight region of the Tasman Sea (west 

coast of the North Island, New Zealand [Figure 6.1A]), at one gas production and drilling site (GPD; 

latitude 39°38’, longitude 173°18’) that has been active since 1979 and one exploratory drilling site 

(ED; latitude 39°20’, longitude 173°20’) that had been inactive for ~4 months prior to sampling. At 

these locations, a uniform layer of soft sediment characterizes the seabed, with depths ranging from 

100 to 120 m (Johnston and Elvines, 2015; Skilton et al., 2015). Sampling permission was granted by 

each private company and in each case, no endangered or protected species were involved. 

At the GPD site, sampling stations were located at 250 m, 500 m and 1000 m from the north 

and south axes of the platform (Figure 6.1B) and sampled in summer 2015. At the ED site, the removal 

of the drilling structure enabled sampling stations to be positioned closer to the impacted area, with 

stations at <5 m, 100 m, 250 m, 500 m and 1000 m from the wellhead centre extending from both the 

northern and southern axes of the platform (Figure 6.1B). At this site, samples were collected in winter 

2014. Samples were collected in winter 2014 and summer 2015 at ED and GPD site respectively, and 

each station was sampled in triplicate resulting in a total of 45 samples (Table S25). 
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For analytical purposes, samples were grouped into near-field (impacted area) and far-field 

(non-impacted area) sampling stations. The sites grouped into these categories varied due to the 

different levels of impact caused by the type and duration of activities undertaken. The near-field 

sampling stations comprised samples ≤ 250 m for GPD and ≤ 100 m from drilling operation for ED. 

This decision was based on monitoring reports from Jonhnston and Elvines (2015) and Skilton et al. 

(2015)] and a previous study by Laroche et al. (2018). 

Sediment samples were collected using a modified stainless steel double van Veen grab 

following the methodology recommended in the Offshore Taranaki Environmental Monitoring 

Protocol (Johnston et al. 2014). The content of each grab was subsampled as described in Laroche et 

al. (2016, 2017)  for both physico-chemical analysis and eDNA/eRNA isolation. For the latter, 2 g of 

undisturbed surface sediment (top 1 cm from the surface sediment) were collected with disposable 

gloves and spatulas and placed in Life GuardTM Soil Preservation Solution (5 mL; QIAGEN, 

California, USA), stored on ice during transportation to the laboratory, and kept frozen (-20 °C) until 

further processing.  

 
Figure 6.1 Map of the study area in the Taranaki Bight, New Zealand (A), and location of the 
sampling stations at both sites (B).  
ED = exploratory drilling site, and GPD = gas production and drilling site. 
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6.2.2 Laboratory analysis 

Sample processing 
Physico-chemical analyses of each sample for sediment texture, organic content or ash-free dry 

weight, trace metals (arsenic, barium, cadmium, chromium, copper, lead, nickel, zinc, mercury), as 

well as screen metals (manganese, iron), polycyclic aromatic hydrocarbons (PAHs) and total 

petroleum hydrocarbon (TPHs), were performed by Resource and Environmental Management Ltd 

(Nelson, New Zealand) and Hill Laboratory Ltd (Hamilton, New Zealand) for the ED site, and by 

Cawthron Institute (New Zealand) for the GPD site. Details on analytical methods and their detection 

limits are provided in the supplementary information (Table S2). 

Environmental DNA and RNA material were co-extracted using the PowerSoil™ Total RNA 

Isolation Kit and the DNA Elution Accessory Kit (QIAGEN, California, USA). RNA samples were 

given two consecutive DNase treatments as described in (Laroche et al. 2016, 2017), and converted to 

complementary DNA (hereafter referred to as eRNA) by using random hexamer primers and the 

Super-Script® III reverse transcriptase (Life Technologies, California, USA), following the 

manufacturer’s instructions. 

PCR amplification and library preparation of eDNA/eRNA for HTS 

The PCR amplification step was performed using the bacterial forward S-D-Bact-0341-b-S-17: 

5’-CCT ACG GGN GGC WGC AG-3’ and reverse S-D-Bact-0785-a-A-21: 5’- GAC TAC HVG GGT 

ATC TAA TCC-3’  primers (Klindworth et al. 2013), targeting the V3 and V4 region of the 16S 

ribosomal RNA gene. Each primer was modified to include IlluminaTM overhang adaptors as described 

in Kozich et al. (2013). The PCR reaction consisted of 20 µL of AmpliTaq Gold® 360 PCR Master 

Mix (Life Technologies), 8 µL of double-distilled water (ddH2O), 1 µL of each primer (10 µM, IDT, 

Iowa, USA), 5 µL of GC enhancer (Life Technologies) to increase PCR yield, 2 µL of Bovine Serum 

Albumin (BSA; Sigma, Auckland, New Zealand), and 3 µL of template DNA (3 ng/µL) or 1 µL of 

eRNA (10 ng/µL). The reaction cycling conditions were: 94°C for 3 min, followed by 30 cycles of 

94°C for 30 s, 52°C for 30 s, 72°C for 1 min, with a final extension step at 72°C for 5 min. Each PCR 

included a negative control (no template sample) to ensure there was no contamination of reagents. 

Amplicons were purified with AMPure® XP PCR Purification beads (Agencourt®, MA, USA) 

following the manufacturer’s instructions, quantified using a Qubit® Fluorometer (Life Technologies), 

and diluted to 3 ng/µL with ddH2O.  
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Two distinct libraries were prepared for high-throughput sequencing analysis containing 

purified bacterial PCR products derived either from the eDNA samples or corresponding eRNA 

products. Both libraries contained a negative control (20 µL of ddH2O).  

Prior to sequencing, DNA originating from each sample were individually indexed using the 

NexteraTM DNA library Prep Kit (Illumina, California, USA). Libraries were sequenced on a MiSeq 

IlluminaTM platform using a 2×250 base pair paired-end protocol by New Zealand Genomics Ltd 

(Auckland, New Zealand). The raw sequencing reads are publicly available in the Sequence Read 

Archive under the accession numbers SAMN06640312 to SAMN06640393. 

Bioinformatics analysis of high-throughput sequencing data 

Primers were removed from sequenced reads using fastq-multx (version 1.3.1), and sequenced 

reads paired-end trimmed with SolexaQA++ and merged with VSEARCH (version 2.3.0; (Rognes et 

al. 2016)). During the merging step, bases with quality score (Phred score) lower than 3 at the 3’ end 

were removed, and reads shorter than 350 base pair or longer than 500 base pair were discarded. The 

maximum number of non-matching nucleotides allowed in the overlap region was set to five. Once 

merged, each read was quality filtered with VSEARCH on the expected error value, using the default 

value of one. Remaining sequence data were dereplicated and sequencing artefacts and those 

originating from legacy DNA (Laroche et al. 2017) were removed by discarding each unique eDNA 

sequence that did not match, with 99% sequence similarity, another eRNA sequence co-extracted from 

the same sample. Chimera detection and filtering was performed with the Quantitative Insights Into 

Microbial Ecology (QIIME) package (Caporaso et al. 2010) using both de novo and reference based 

methods in Usearch61 (Edgar 2010). Remaining sequences were mapped to representative sequences 

of the Ribosomal Database Project (RDP; released version 16; (Cole et al. 2014)). Samples with less 

than 8,000 non-chimeric reads were discarded, and the remainder used in two distinct bioinformatics 

pipelines; (1) a sequence similarity clustering and taxonomic assignment method, and (2) a 

phylogenetic predictive method for taxonomy and functional profiling. In the first pipeline, unique 

sequences were clustered into OTUs with the Swarm methodology (Mahé et al. 2014) using a 

clustering threshold value of d3, allowing a maximun of 3 mismatches between sequences. The seed 

sequence (most abundant read) of each OTU was taxonomically assigned with the RDP classifier using 

the RDP database (version 16; (Cole et al. 2014)). In the second pipeline, sequences were imported to 

the PAPRICA program (version 0.4.0b; (Bowman and Ducklow 2015) and mapped against a 16S 

rRNA gene reference tree built from all complete bacterial genomes present in GenBank (4,252 

genomes by March 2017). For each unique taxa, metabolic pathways were inferred based on the 

MetaCyc pathway database (Caspi et al. 2016). Outputs from PAPRICA included an edge (unique 
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taxon) and pathway table similar to a ‘traditional’ OTU table, with frequency information per edge or 

pathway and per sample, which were subsequently used for downstream analysis. Hereafter, the three 

datasets will be referred to as the ‘OTUs dataset’ and ‘Edges dataset’ (sequences clustered by 

phylogenetic distance) for the taxonomic approach, and ‘Pathways dataset’ (pathways assigned to each 

Edge) for the predicted metabolic pathways methodology. 

6.2.3 Data analysis and statistics 

To ensure that each sample and group (near- and far-field samples) had sufficient sampling 

depth for comparative analysis, sample completeness (measured by coverage-based rarefactions on 

diversity estimates [i.e. chao1 and Simpson index]) was assessed for the OTUs and Edges datasets 

with the iNEXT package (Hsieh, Ma and Chao 2016) using 100 bootstraps and the R software (R Core 

Team 2017). 

Using the QIIME pipeline (Caporaso et al. 2010), alpha-diversity metrics Chao1 (Chao 1984), 

Shannon (Shannon 1948) and Simpson (Simpson 1949) were generated at the lowest sequencing depth 

shared among samples, and a non-parametric t-test with 999 permutations using Bonferroni p-value 

correction method was performed on each index to test for differences between the two sampling 

station categories.  

To estimate the functional resilience within each sample, a score was computed based on the 

number of rare pathways contained by no more than three different taxa within a sample. A different 

weight was assigned to pathways according to the number of taxa containing it. Pathways contained 

by one, two and three taxa were given a weight of 3, 2 and 1 respectively. For each sample, the 

functional resilience score was calculated by summing the weight given to each rare pathway. To 

determine the direction of functional resilience (with highest value representing highest resilience), the 

scores were inverted by subtracting them from the maximum score value. The scores were then 

normalised to a range of 0 to 1. Significant difference between distance groups was tested with a Welch 

two sample t-test (Welch 1947). 

To assess differences in beta-diversity between the two sampling station groups and between 

the methodologies (taxonomic versus inferred metabolic pathways), the read abundance of each dataset 

was normalised (rarefied to the lowest sequencing depth shared among samples) and standardised with 

the Wisconsin method (Bray and Curtis 1957). Bray-Curtis dissimilarity matrices were then generated 

using the Vegan package (Oksanen et al. 2017) within R software. Variance within each group (near-

field and far-field stations) was tested with the Betadisper function. To visualize the dispersion of 

sample data according to the dissimilarity matrices, Detrended Correspondent Analysis were plotted. 



Chapter 6: Alternative analytical methods of eDNA data for marine impact assessments 

 86 

The relationship between each environmental factor with beta-diversity was analysed using the envfit 

function, where the correlation of each environmental factor with the projection point groups of the 

ordination are computed and displayed. 

Correlation between beta-diversity and physico-chemical properties of sediment was 

investigated with a Mantel test (999 permutations) with the Vegan R package, using the Bray-Curtis 

distance matrices described above, as well as Euclidean distance matrices of normalised environmental 

data, using square root transformed barium and TPH concentration data. A Procrustes rotation analysis 

(Lisboa et al. 2014) was also performed to further compare coordinate differences between the 

projection of biological samples and their associated environmental data. 

Differences in the ecological network parameters between near-field and far-field stations and 

between the taxonomic and inferred metabolic pathways datasets were assessed based on co-

occurrence or mutual exclusion using the SparCC program (Friedman and Alm 2012) with 20 

iterations and 100 permutations. Prior to the computation of correlations and p-values, taxa and 

pathways present in less than 50% of the samples within each group (near- and far-field stations) in 

each dataset were pre-filtered to minimize spurious correlations (Berry and Widder 2014). Interactions 

with a p-value > 0.05 and with a correlation value between 0.7 to -0.7 were discarded. Network 

analyses were performed in Cytoscape (Shannon et al. 2003), with the Network Analyzer plugin 

(Assenov et al. 2008). To account for sample size between the near- and far-field groups, only 

normalised parameters were considered (Table 6.1).  

Table 6.1 Description of network parameters from undirected networks used in this study. 

Network parameters Description 

Network clustering coefficient 

The clustering coefficient is a ratio N / M, where N is the number of edges between the 
neighbors of n, and M is the maximum number of edges that could possibly exist 
between the neighbors of n. The network clustering coefficient is the average of the 
clustering coefficients for all nodes in the network. Values are from 0 to 1 (Assenov et 
al., 2008). 

Number of connected 
component 

Nodes that are pairwise connected form a connected component. The number of 
connected components indicates the connectivity of a network – a lower number of 
connected components suggests a stronger connectivity (Assenov et al., 2008). 

Network centralization 

Represents differences between the centrality scores of the most central point and 
those of all other points. Indicates the overall cohesion of a network by showing how 
tightly the graph is organized around its most central point.  Values are from 0 to 1  
(Freeman, 1978). 

Characteristic path length Average expected distance between two connected nodes (Assenov et al., 2008). 
 

Network density 
Shows how densely the network is populated with edges (self-loops and duplicated 
edges are ignored). A network which contains no edges and solely isolated nodes has 
a density of 0. In contrast, the density of a clique is 1 (Assenov et al., 2008). 

Network heterogeneity Indicates the tendency of a network to contain hub nodes (Dong and Horvath, 2007). 

Ratio pos/neg relations Number of co-occurrence versus mutual exclusion interactions. 
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Pathways of interest expected to be impacted by drilling and production activities (Gittel et 

al. 2009; Gieg, Jack and Foght 2011; Price et al. 2011; Li et al. 2013; Mohan et al. 2014) were grouped 

together into the following pathway classes: nitrate reduction and nitrite oxidation, sulfate reduction, 

hydrocarbon related pathways, aromatic compounds degradation, and arsenate and mercury 

detoxification (Table S26). These were then correlated with distance from wellheads, barium 

concentration (used as a proxy of general perturbation caused by drilling activities), and their relevant 

environmental parameter (e.g., mercury detoxification pathway with mercury concentration). These 

correlations and their significance were displayed in a heatmap generated using R. 

 Significant differences between genome mean size, mean number of coding DNA sequences, 

and guanine-cytosine mean content per sample were compared between the near and far-field station 

groups using Welch Two Sample t-tests. 

6.3 Results 

6.3.1 High-throughput sequencing results 

A total of 8 samples failed to amplify from the 45 eDNA and 45 eRNA samples (S1 Table). 

The remainder yielded a total of 6,024,982 paired-end reads, which was reduced by 5.5% after 

merging, by 34.9% after quality filtering, by 44.2% after trimming eDNA sequences with eRNA, and 

by 0.04 % after chimera filtering for a total removal of 84.7% of the reads (Table S27).  Two samples 

did not reach a minimum sampling depth of 8,000 reads and were discarded (S3 Table). One eRNA 

sample only contained 1,257 reads after quality filtering and did not have sufficient depth to properly 

trim the corresponding eDNA sequences, this eDNA sample was therefore removed from downstream 

analysis (Table S27).  

The sample coverage for each sample from each dataset and for each group category near- 

and far-field samples showed that the sampling depth was sufficient to capture most of the diversity 

(85% and 98%, respectively) to perform our comparative analysis (Figure S9, S10). 

The taxonomic composition of the OTUs and Edges datasets were very similar, being 

dominated by Proteobacteria (82% and 81%, respectively) with a small proportion of unclassified 

bacteria (5% and 6%, respectively; Figure S11). 
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6.3.2 Changes in alpha and beta-diversity, functional redundancy and in genetic parameters 

Alpha-diversity 

For the OTUs dataset, a total of 12,786 OTUs remained after quality filtering. The metabolic 

inference datasets contained 658 edges (i.e., taxa, Edges dataset) and 758 inferred pathways (Pathways 

dataset).  

At the ED site, significant differences were identified comparing all alpha-diversity metrics 

between near-field and far-field station groups of the OTU dataset, with lower richness and diversity 

in the near-field samples (Table 6.2). For GPD site, ‘observed OTUs’ was the only indicator where a 

significant difference was identified with higher relative richness near the platform. In contrast, the 

Edges dataset showed significant differences for the GPD site only, with higher observed taxa and 

Shannon indices next to the platform (Table 6.2). For the Pathways dataset, strong and significant 

differences were detected in diversity among the Shannon and Simpson indices of the ED site, with 

greater diversity near the well (Table 6.2). At the GPD site, the diversity was not strongly affected 

(only Shannon index was significantly different) while pathways richness differed significantly, with 

functional richness and diversity being higher near the well (Table 6.2). 

Table 6.2 Non-parametric t-tests with 999 permutations on the alpha-diversity metrics taxa or 
pathways richness, Shannon and Simpson indices between the near-field and far-field station groups, 
per dataset and per site.  
ED = exploratory drilling site. GPD = gas production and drilling site, OTU = operational taxonomic 
units. Negative t values indicate lower richness or diversity in the near-field versus far-field sample 
group. Significant p-values are in bold.  
Datasets Richness Shannon Simpson 

 
ED GPD ED GPD ED GPD 

t 
p-

value t p-value t 
p-

value t 
p-

value t 
p-

value t p-value 
OTUs -4.48 0.002 2.53 0.03 -3.83 0.005 1.75 0.11 -2.79 0.02 1.38 0.16 
Edges -0.32 0.75 5.67 0.001 -1.42 0.19 3.69 0.003 -1.55 0.15 1.5 0.17 
Pathways 1.79 0.09 3.82 0.008 5.83 0.001 2.20 0.05 4.89 0.001 -0.1 0.92 

Beta-diversity  

Analyses of variance between the distance matrices of near-field and far-field station groups 

showed significant differences for all sites and datasets, with the strongest Pseudo-F values for the 

Edges (ED=2.32, GPD=4.85) and Pathways (ED=5.41, GPD=6.28) datasets (Table S29).  

An overlap of the near and far-field station groups at the ED site was observed in the 

detrended correspondence analysis, with high dispersion of near-field samples (Figure 6.2). In contrast, 

there was a clear distinction between the distance groups observed at the GPD site. There were limited 
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differences between the OTUs, Edges and Pathways datasets, apart from a higher dispersion of the far-

field distance stations in the Pathways dataset, especially at the GPD site (Figure 6.2). A higher number 

of environmental variables were significantly correlated to the dispersion of the near-field and far-field 

groups of the Edges (ED=12; GPD=10) and Pathways datasets (ED=14; GPD=16), compared to the 

OTUs dataset (ED=11; GPD=8; Figure 6.2). 

 
Figure 6.2 Detrended Correspondence Analyses (DCA) per site for the Operational Taxonomic 
Units (OTUs; A-B), Edges (C-D), and Pathways (E-F) datasets.  
Ellipses encloses all points (samples) in each group. Environmental factors with significant 
correlation (p £ 0.05) with ordinations are overlaid, with length of the arrow representing strength of 
the gradient. OTU = operational taxonomic unit, AFDW = ash free dry weight, TOC = total organic 
content. 

Mantel tests of the relation between beta-diversity and environmental variables revealed a 

similar trend with slightly higher Spearman correlation values in the Edges and Pathways datasets. The 

relationship was also much stronger at the ED site (Table 6.3). The Procrustes rotation analysis 

demonstrated that the sum of squared distances between corresponding points (biological and 
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environmental data from same sediment sample) was markedly lower in the Pathways dataset (Table 

6.3). 

Table 6.3 Relationships between beta-diversity and environmental parameters investigated through a 
Mantel test and Procrustes rotation analysis.  
ED = exploratory drilling site. GPD = gas production and drilling site. OTU = operational taxonomic 
unit. Significant p-values are in bold.  
Datasets Mantel test 

 ED GPD 
r p-value r p-value 

OTUs  0.75 0.001 0.44 0.001 
Edges  0.76 0.001 0.49 0.001 
Pathways 0.79 0.001 0.47 0.001 
Datasets Procrustes rotation 

 ED GPD 
Sum of squares Sum of squares 

OTUs  9.64 7.514 
Edges  3.396 1.693 
Pathways 0.148 0.057 

Functional redundancy 

The functional resilience score was lower in the near-field stations (score = 0.53) at the ED site 

compared to far-field stations (score = 0.82), while the relationship was reversed at the GPD site (near-

field score = 0.88, far-field score = 0.74, Table S28). However, differences were not significant at 

either site (Table S28).   

Genetic parameters 

At the ED site, only mean guanine-cytosine content was significantly different between the 

stations groups, with lower values for the near-field samples (Figure S13). In contrast, mean genome 

size and mean number of coding DNA sequences at the GPD site were both significantly lower in the 

near-field station group (Figure S13). 

6.3.3 Network parameters 

In general, network parameters were similar among samples within the same distance group 

(near-field and far-field) at both ED and GPD sites, but varied between the three different datasets, 

and especially between the OTUs and the two inferred metabolic datasets (Figure 6.3, Figure S12). 

The clustering coefficient, network centralization and density, and average number of neighbours were 

higher in the near-field samples of the OTUs dataset, while the number of connected component and 

characteristic path length were higher in the far-field station of the Edges and Pathways datasets 

(Figure 6.3, Figure S12). Despite these differences, the OTUs, Edges, and Pathways datasets all 
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showed a higher characteristic path length, larger number of connected components and higher ratio 

of positive/negative interactions in the far-field samples (Figure 6.3, Figure S12). 

Table 6.4 Characterization of microbial association network for each station group, each site, and 
each dataset.  
ED = exploratory drilling site. GPD = gas production and drilling site. OTUs = operational 
taxonomic units. Data in bold show the highest values between the distance group. Green and blue 
circles are associated with the highest value per parameter found between near- and far-field sample 
groups, and are linked by a black line to depict the ‘network signature’. 
 

 

6.3.4 Correlations between functions of interest and relevant environmental parameters 

Pathways of interest were merged together to form classes of functions that were then 

correlated with relevant environmental parameters (Table S26). At the ED site, the relative abundance 

of sulfur-reducing organisms decreased with distance from the well and were strongly and positively 

correlated with barium concentration (Figure 6.3). Mercury detoxification, hydrogen related pathways 

and arsenate detoxification all had weak but positive correlations with their associated environmental 

parameter. Because PAH concentration was below detection level, no correlation could be made with 

aromatic compounds degradation pathways. 

At the GPD site, all pathway classes had a negative correlation with distance from the 

platform, except for aromatic compounds degradation (Figure 6.3). The opposed pattern was observed 

 ED site 
 OTUs Edges Pathways 

Near-field Far-field Near-field Far-field Near-field Far-field 
Clustering coefficient 0.482 0.388 0.517 0.59 0.562 0.696 
Connected component  1 15 1 1 1 7 
Network centralization 0.22 0.207 0.224 0.393 0.216 0.255 
Characteristic path length 2.459 4.83 2.358 2.447 2.062 2.619 
Network density 0.106 0.041 0.172 0.183 0.196 0.210 
Network heterogeneity 0.797 1.382 0.623 0.717 0.434 0.736 
Ratio pos/neg relations 0.539 0.95 0.525 0.896 0.57 0.815 

Network parameters

GPD site  

 OTUs  Edges  Pathways  
Near-field Far-field Near-field Far-field Near-field Far-field 

Clustering coefficient 0.422 0.325 0.404 0.406 0.585 0.648 
Connected component  3 10 3 6 1 5 
Network centralization 0.119 0.078 0.179 0.186 0.210 0.238 
Characteristic path length 3.144 5.274 3.391 4.296 2.298 2.503 
Network density 0.028 0.017 0.063 0.079 0.167 0.154 
Network heterogeneity 1.06 0.981 1.034 0.805 0.631 0.859 
Ratio pos/neg relations 0.625 0.864 0.566 0.852 0.667 0.853 

Network parameters

Network parameters
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with barium concentration. Mercury detoxification and hydrocarbon related pathways showed positive 

but weak correlations with mercury and total TPH, respectively. In contrast, the aromatic compounds 

degradation class correlated negatively with total PAH concentration. Since sulfur and nitrogen 

compounds were not assessed, no correlation could be made with the relevant pathway classes at either 

site. 

 
Figure 6.3 Heatmap of the correlations between the different classes of pathways with increasing 
distance from the oil and gas wells, and with the concentration of associated environmental 
parameters. 
Significant correlations are framed with bold lines. PAHs = polycyclic aromatic hydrocarbons, 
TPH= total petroleum hydrocarbons, ED = exploratory drilling site and GPD = gas production and 
drilling site. 

6.4 Discussion 

6.4.1 Differences in alpha- and beta-diversity  

The number of 16S rRNA copies varies among bacteria (1 to 15 copies; Lee, Bussema and 

Schmidt 2009; Rastogi et al. 2009), and adjusting this with a phylogenetic predictive method can 

improve microbial diversity estimates (Kembel et al. 2012). The OTU taxonomic approach, which 

clustered sequences based on a percent sequence identity (herein the Swarm algorithm), created more 

taxa (12,786 OTUs) than the phylogenetic placement approach implemented in PAPRICA (658 edges). 

This variability is due to differences in clustering thresholds between the OTU taxonomic approach 

used (Swarm algorithm with d3 values) and the default phylogenetic distance threshold of the 

PAPRICA program, and the limited number of complete genomes currently available (n=4,252). The 
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higher taxa resolution in the OTUs dataset may have contributed to the significant differences in 

richness identified at both sites. For indices lightly affected by rare taxa, such as Shannon and Simpson, 

the Edges and Pathways datasets showed higher and more significant differences in alpha-diversity. 

Nonetheless, the two taxonomic datasets (OTUs and Edges) showed a similar pattern in alpha-

diversity. The Pathways dataset showed an increase in diversity at the ED site, while the OTUs and 

Edges datasets decreased, demonstrating that the taxonomic and metabolic profiles provide different 

measures of microbial diversity as suggested in our initial hypothesis. As the number of complete 

available genomes expands, metabolic inference methods will improve in resolution, possibly 

enhancing the potential to this methodology to assess environmental perturbations.  

Segregation and grouping of samples based on their beta-diversity is another useful way to 

assess impacts of different environmental conditions. In this study, significant differences were 

detected between the near- and far-field stations, but little differences were observed between the 

OTUs, Edges and Pathways datasets. However, the Pathways and Edges datasets were more strongly 

correlated with the monitored environmental parameters. This increased responsiveness of beta-

diversity with the taxonomic and metabolic datasets derived from the PAPRICA methodology was 

also observed by Bowman and Ducklow (2015). They suggested that the phylogenetic placement 

approach may enable a better discrimination and grouping of unique sequences compared to OTU 

clustering. The corrected 16S rRNA read abundance for the Edges and Pathways datasets may also 

have contributed to this increased correlation.  

6.4.2 Functional redundancy 

Species in a community often overlap in their ecological roles, contributing to functional 

redundancy (Walker 1992). Ecosystems with low functional redundancy tend to be vulnerable to small 

environmental changes, since the loss of few species can lead to a greater overall functional loss 

(Walker 1992; Gunderson 2000; Folke et al. 2004; Nyström 2006). In this study, a significant loss in 

OTU richness was observed in the near-field group at the ED site, but functional richness remained 

unaffected. Although the functional resilience score was lower at the ED near-field stations, the 

difference was not significant. In contrast at the GPD site, an increase in functional and taxa richness, 

and in functional resilience was observed in the near-field stations. This suggests that the ecosystem’s 

resilience in the vicinity of the platform may not have been affected by the drilling and production 

activities. The difference between the patterns observed at the ED and GPD sites is possibly due to the 

intermediate disturbance at the former, with increased presence of opportunistic macrofaunal taxa 



Chapter 6: Alternative analytical methods of eDNA data for marine impact assessments 

 94 

(Johnston and Elvines 2015), and the detectable concentration of hydrocarbon products, which provide 

substrate for hydrocarbonoclastic bacteria. These results highlight the advantages of using both 

taxonomic and functional richness to provide complementary information for biomonitoring.    

6.4.3 Effects on genetic parameters 

An interesting option provided by hidden state prediction methods such as PAPRICA is the 

ability to investigate the relationships between environmental conditions and genomic parameters such 

as mean genome size, mean number of coding DNA sequences, and mean guanine-cytosine content. 

Specialized bacteria such as symbionts and obligate pathogens, usually possess smaller genomes than 

free-living bacteria, and in previous studies, the size of bacterial genomes and mean guanine-cytosine 

content positively correlated with habitat complexity (Land et al. 2015) and temporal variability (Lear 

et al. 2017). The number of pathways in bacteria has also been associated with their capacity to grow 

in different environmental conditions (Land et al. 2015). In the present study, the mean genome size 

and mean number of coding DNA sequences were significantly lower in the near-field station at the 

GPD site. Genome size is partially dependent on the number of functional genes and pathways it 

contains, therefore, it is not surprising to see similar values for both parameters. Given that meio- and 

macro-faunal diversity were also found in higher proportion at these near-field stations (Laroche et al. 

2018), these results may be explained by a greater contribution of obligate symbionts and/or pathogens 

associated with the co-occurring eukaryotic community. 

6.4.4 Differences in network parameters 

In this study, we focused on normalized parameters to compare the topology of microbial 

network associations between groups (near- and far-field samples) of different size. The OTUs, Edges 

and Pathways datasets showed similar network patterns for the number of connected components and 

average path length, which were consistently smaller in the near-field samples. Networks with low 

number of connected components and small average path length are sometimes referred to as small-

world networks and indicate a higher cohesion among the community members (Assenov et al. 2008; 

Layeghifard, Hwang and Guttman 2017), but can also be viewed as more sensitive networks. Since 

members are more closely connected, with fewer independent modules, perturbations are less 

constrained and may spread more rapidly through the whole community (Delmas et al. 2017). Shorter 

average path length have also been observed in soil microbial communities under atmospheric 

pollution (Karimi et al. 2016) and metal contamination (Lawes et al. 2017). The cooperation level 

within a community, in the present study reflected by the number of positive versus negative 
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interactions, was much lower in the near-field compared to far-field samples. This could result from 

prevalent mutual inhibition or competition for resources among taxa, or a reduction in mutualism 

interactions in the biological assemblages under stress. Karimi et al. (2016) also observed similar 

reductions in positive microbial interactions in soil samples under anthropogenic stress.  

Other parameters such as the clustering coefficient and network centralization, which 

represent proxies of network connectivity and distribution, and which are positively related with 

network stability (Maslov and Sneppen 2002; Crucitti et al. 2004), were higher in the near-field 

samples for the OTUs dataset. Reduced network connectivity and complexity in microbial 

communities under environmental stress have been previously characterized (Karimi et al. 2017). It is 

therefore surprising to observe the opposite trend in the OTUs dataset, especially in proximity of the 

ED well, where taxa richness and diversity were significantly lower. In contrast, the Edges and 

Pathways datasets, which were corrected for the abundance of 16S rRNA reads within a taxon, showed 

reduced clustering coefficient and network centralization in the near-field samples, and may therefore 

provide a more reliable representation of network topology.  

Overall, these results suggest that network parameters such as the ratio of positive/negative 

interactions, number of connected components and characteristic path length could be useful indicators 

of perturbation from O&G drilling and production. However, due to the limited number of samples in 

this study, caution must prevail until further samples can be collected and analyzed. 

6.4.4 Correlations of inferred pathways with environmental conditions 

Drilling waste and production water naturally present in O&G reservoirs usually contain 

significant concentrations of aliphatic and polycyclic aromatic hydrocarbons, metals, sulfur and 

sulphides (Neff, Lee and DeBlois 2011). The degradation of organic compounds near the wells often 

leads to hypoxic conditions that foster bacterial anaerobic activity and the production of hydrogen 

sulphide, a corrosive agent affecting drilling equipment (Suflita and Duncan 2010; Williamson 2010). 

For these reasons, pathways responsible for the degradation of hydrocarbons and polycyclic aromatic 

compounds, sulfate reduction, and metal detoxification are of particular interest in O&G 

environmental monitoring.  

In this study, most inferred pathways correlated positively but weakly with their 

corresponding environmental element. At ED site, the exploratory drilling primarily affected sediment 
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grain size distribution rather than contaminant levels (Skilton, Tiernan and Pannell 2015) and 

therefore, these weak correspondences are not surprising. Additionally, these correlations are limited 

by the analytical detection limits, and it is possible that small variations were not captured. This 

assumption is supported by the significant negative correlation of most pathways of interest with 

distance from the wells, and the significant positive correlations with barium concentration at the GPD 

site. 

6.5 Conclusion 

This study demonstrates that taxonomic and metabolic profiles derived from eDNA 16S 

rRNA metabarcoding data yield different but complementary information on microbial community 

status. The combination of both approaches can be used to estimate the extent of functional redundancy 

within a community, and may provide insights into ecosystem resilience. The results from the present 

study showed that predicted pathways generally correlated with their associated environmental 

parameters and that impacted sites displayed distinct network signatures, enabling characterization of 

affected communities and improving knowledge on causative mechanisms. The results also indicate 

that community profiles from metabolic inference can complement the data obtained from taxonomic 

assessments and assist in evaluating the effects of O&G drilling and production activities on benthic 

communities.
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Chapter Seven 
Synthesis, future considerations and conclusion 

 

In the next decades, offshore and deep-water mineral extraction are expected to grow, along 

with increased environmental disturbance in these poorly characterized marine ecosystems. There is 

an increasing need for an integrative approach to biomonitoring surveys that can be scalable and cost-

efficient. Recent technological developments in DNA sequencing have allowed the emergence of a 

plethora of powerful meta ‘omic’ tools such as eDNA metabarcoding, that hold great potential for 

ecological assessments. These two factors motivated the research presented here. The overarching aim 

of the thesis was to investigate eDNA/eRNA metabarcoding methods for routine benthic health 

monitoring at offshore O&G operation sites. 

7.1 Synthesis  

In Chapter 3, the applicability of using foraminiferal-specific metabarcoding for biomonitoring 

offshore O&G drilling impacts was assessed. The results showed that foraminiferal metabarcoding and 

traditional macro-faunal surveys possess similar sensitivity to drilling activities but that the two 

taxonomic groups react differentially to environmental stressors, the latter being particularly sensitive 

to hypoxic condition while the former was especially affected by changes in sediment grain size. 

Foraminifera seemed to recover more quickly following drilling perturbation, possibly due to their 

relatively short life cycle. The results highlighted the lack of genetic data available for Foraminifera 

in offshore habitats around New Zealand, which limits direct associations with known ecological 

information. Using supervised machine-learning to assign ecological status to OTUs could help in 

overcoming this issue by bypassing the need of a reference sequence database (Cordier et al., 2017).  

In Chapter 4, data from co-extracted eDNA and eRNA products for bacteria and meio-

eukayotes were compared by evaluating the effects of two different trimming methodologies: one 

using a minimum read abundance threshold of two reads per taxon (trimmed by singletons), and one 

removing all taxa not simultaneously recovered from both eDNA and eRNA products of the same 

environmental sample (i.e., ‘trimmed by shared OTUs’). Results demonstrated that using eDNA data 

from which sequences not found in eRNA were discarded improved correlations between alpha- and 

beta-diversity of metabarcoding data and environmental information by removing most of the 
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PCR/sequencing artefacts and legacy or free-floating DNA signals, increasing the overall sensitivity 

of the molecular approach.  

Chapter 5 investigated changes in benthic assemblages of bacteria (16S rRNA), Foraminifera 

(18S rRNA) and other eukaryotes (18S rRNA) along transects at three offshore O&G drilling and 

production sites, and compared these to morphologically characterized macro-faunal assemblages. 

Overall, bacterial communities proved to be the most responsive to O&G activities, closely followed 

by Foraminifera and macro-fauna (assessed by morphology). Characterizing bacterial communities 

gave insight into the occurrence of natural bioremediation processes, with the detection of hydrocarbon 

degrading taxa at petroleum impacted stations. As for macro-organisms, their ecology is generally 

well-documented, and, in the case of most O&G active fields, extensive databases have been collected 

that enable robust analysis and interpretation. Furthermore, they may represent a better proxy of the 

recovery state of an ecosystem due to their longer life-cycle and relatively slower post-disturbance 

recolonization rate. For these reasons, it is suggested that bacterial (metabarcoding) and macro-faunal 

(assessed via morphology or metabarcoding) community assessments should represent the highest 

priority for inclusion in O&G monitoring programs.  

In Chapter 6, data analysis alternatives of community assessment were explored using a 

metabolic inference method and a co-occurrence network analysis. Results showed that taxonomic and 

functional community structure derived from the phylogenetic predictive method tended to be more 

responsive to O&G drilling and production operations, possibly due to the 16S rRNA copy number 

correction and the phylogenetic placement approach. Distinct network signatures could be observed at 

the most impacted sites, with small-world network characteristics (higher community cohesion) and a 

lower ratio of positive interactions. This information suggest that these communities may be more 

susceptible to further perturbations (Delmas et al., 2017). The complementary information obtained 

from metabolic inference and network topology analysis proved to be particularly useful in 

characterizing more conspicuously and extensively ecosystem conditions and functional capacities.  

Based on the aforementioned results, Figure 7.1 below summarizes recommendations for 

offshore O&G metabarcoding surveys in regard to genetic material collection and processing, data 

treatment and analysis. Since this thesis did not assess macro-faunal communities through 

metabarcoding, these were not included in Figure 7.1. For guidelines on macro-invertebrates 

metabarcoding, readers are advised to consult Aylagas et al. (2016a) for marine sediment sample pre-

processing, and (Aylagas et al., 2016b) for the relevant data treatment and analysis.  
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Figure 7.1 Summary of recommended data collection, processing, data treatment and analysis of 
microbial metabarcoding for benthic monitoring of O&G activities.  

7.2 Future considerations and conclusion 

As with any study, the work presented in this thesis suffered from some limitations that are 

important to recognize and address in subsequent investigations. Here, an important limiting factor of 

the scope of our conclusions was the difficulty to collect sediment samples within 300m from the 

pollution sources (e.g. operating platforms) where most of the environmental impact occur ((Ellis et 

al., 2012). Monitoring activities in the vicinity of the platforms are usually restricted for security 

reasons. However, informal discussion with environmental managers of local O&G companies let 

hover the possibility to securely sample as close as 100m from the platforms in a near future. Having 

more sampling stations located closer along transects from the pollution sources would greatly improve 

the evaluation of the gradient of disturbance and provide more statistical power and flexibility. It is 

also important to acknowledge that this study was limited to three O&G sites (all located in New 

Zealand), and did not assess the validity of the results on a time period. Additional spatio-temporal 

studies are therefore necessary to ascertain the drawn conclusions. Since the eDNA/eRNA sampling 

in this study was piggybacking on the periodic and traditional biomonitoring methodology used to 

collect sediment sample for macrofaunal community characterization, the sampling tool used to collect 

sediment material as limited to a double van Veen grab. Such instrument is not recommended when 

collecting surface sediment for microbiome analysis as it can create a bow wave and disturb the top 

sediment layer (Barnett et al., 1984; Carlton & Wetzel, 1985). To avoid such effect, particular 

precautions were used (e.g. constant deployment and retrieval rate of the sampler at 0.3 m/s). 

Nonetheless, using box corers as suggested in Barnett et al. (1984) and in Carlton & Wetzel (1985) 
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would help minimize stirring of surface sediment. Another limitation of this study came from the poor 

diversity coverage of protists (e.g. Foraminifera) and small metazoan in reference databases. Being 

unable to assign a taxonomy and ecological information to OTUs restrict metabarcoding studies to 

alpha- and beta-diversity assessment without the possibility to understand the underlying reason of 

diversity changes within a community. With the constant reduction in sequencing cost and initiatives 

to complete reference databases such as the Earth BioGenome Project (www.earthbiogenome.org), the 

Marine Microbial Eukaryote Meta/transcriptome Sequencing Project (Keeling et al., 2014) and the 

Marine Microbiology Initiative Environmental Metagenomics (Moore Foundation, 2018), to name a 

few, this limitation should gradually dwindle over time. Furthermore, methodologies relying on 

supervised machine-learning to assign ecological status to OTUs could eventually circumvent the need 

of reference sequence database in a near future (Cordier et al., 2017). Finally, a non-negligible limiting 

factor when using denovo OTU methodology to cluster similar sequences is the creation of spurious 

OTUs from chimeras and artefacts generated during PCRs and sequencing. Although the denovo 

methodology is very useful in cases where reference libraries are incomplete, the presence of false 

OTUs artificially increases taxa richness, requiring careful data pre-processing (e.g. removal of rare 

taxa, sequencing depth normalisation among samples by rarefaction, etc.) before performing alpha- 

and beta-diversity analyses. Fortunately, data denoising algorithms (e.g. Amir et al., 2017; Callahan et 

al., 2016) are being more and more performant and accurate at eliminating spurious sequences from 

metabarcoding data. 

While further fine-tuning of the eDNA/eRNA metabarcoding method is required to enable its 

integration into monitoring programmes, it is equally important to develop a robust ecological quality 

classification system to assist end-users in their interpretation of results. For benthic ecosystems, tools 

such as the AZTI Marine Biotic Index (AMBI; Borja et al., 2000) and multivariate-AMBI index (Bald 

et al., 2005; Borja et al., 2008), BENTIX (Simboura and Zenetos, 2002), and the benthic quality index 

(BQI; Rosenberg et al., 2004) have been developed and extensively tested over the years. Aylagas et 

al. (2014) successfully applied the AMBI index to macroinvertebrate communities characterized via 

metabarcoding (referred to as gAMBI) by using presence/absence transformed data, and further 

extended the application to bacterial communities (microgAMBI; Aylagas et al. 2017). 

The gAMBI and microgAMBI use the proportion of pollution tolerant species and families 

respectively to determine the ecological status of sites (Table 7.1). Because the assignment of tolerance 

level to taxa relies on a consensus of expert judgement and/or on literature records, these indices can 

be applied to similar but geographically distant habitats. They are also particularly valuable in cases 

where limited data from previous benthic surveys are available. Nonetheless, the gAMBI and 

microgAMBI indices haven’t yet been tested outside the Basque coast, nor have they been used to 
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assess the ecological status quality of sites under O&G drilling and production pressure. The validation 

and calibration of these tools represent a logical step forward towards the integration of metabarcoding 

approaches for monitoring. 

 

Table 7.1 Ecological status quality classes for microgAMBI, and class boundaries determined from 
the contribution of each ecological group (EG). 
EGI = Ecological group of pathways not associated with pollution input, EGIII = Ecological group of 
pathways associated with pollution input. Modified from Aylagas et al. (2017) 

Class of boundaries Contribution of each group Ecological status 

0 < microgAMBI ≤ 1 > 80% EGI High 

1 < microgAMBI ≤ 2 60% EGI and 40% EGIII Good 

2 < microgAMBI ≤ 3 40% EGI and 60% EGIII Moderate 

3 < microgAMBI ≤ 4 20% EGI and 80% EGIII Poor 

4 < microgAMBI ≤ 5 > 80% EGIII Bad 

In Chapter 6, the value of phylogenetic predictive methods to characterise metabolic 

community functions was explored, with favourable comparison to taxonomic community 

composition. Using a model similar to the microgAMBI, metabolic community functions could be 

used to classify the ecological status quality of site, with possibly more descriptive and conspicuous      

information. Figure 7.1 and 7.2 (below) show conceptual outputs that could be derived from pathways 

based on the microgAMBI index, where pathways are assigned to an ecological group depending on 

their association with pollution input. Furthermore, results from Chapter 5 showed that bacterial 

richness does not represent a good proxy of weak or moderate environmental perturbation. Instead of 

using richness as a metric of the multivariate microgAMBI analysis, a functional redundancy 

estimation (e.g. proportion of pathways possessed by ≤3 different taxa within a sample), could 

represent a valuable alternative metric, and provide environmental managers with information on 

ecosystem resilience.  
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Figure 7.2 Conceptual jitter plot of the relation between ecological status quality of each sample and 
their respective distance from the O&G platform  
The blue line represents a local polynomial regression (loess curve fitting) with the standard error as 
the surrounding grey area. 
 

 
Figure 7.3 Conceptual bar plot of the relative abundance of different classes of pathways present in 
samples located at increasing distance from an oil and gas platform.  
EGI = Ecological group of pathways not associated with pollution input, EGIII = Ecological group of 
pathways associated with pollution input. 
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This thesis has focused on the application of metabarcoding for the monitoring of the benthic 

ecosystem, where most disturbances from drilling and production activities occur. However, Chapter 

2 also showed that sediment plume from the discharge of produced waters can significantly affect 

epipelagic communities. Water quality is currently assessed by performing periodic chemical 

composition analysis and direct toxicity assessment testing (Johnston et al., 2014). Direct toxicity 

assessments allow for the evaluation of adverse effects of complex mixtures of compounds in the 

laboratory. However, such method involve conducting experiments on model organisms that may not 

reliably predict effects on resident species and local communities (van Dam and Chapman, 2001), and 

do not provide any biological information. Instead, using eDNA metabarcoding from filtered water to 

characterize and monitor epipelagic communities living near O&G platforms would likely provide a 

more accurate evaluation of the effects of produced waters. 

Despite the advantages of the tools presented in this thesis, their value for monitoring programs 

is limited if they are not part of an environmental management plan that has clear goals, and impact 

threshold values that can initiate adaptive mitigation measures. In New Zealand, the inclusion of these 

elements into marine consent application is dependent on the level of uncertainties of the risks 

associated with the activity, and is currently left to the discretion of the operator and the EPA (Ellis et 

al., 2017). While this provides flexibility to both parties, the lack of transparency does not help to 

improve public confidence nor the acceptability of future mining ventures. Making the adaptive 

management plan a compulsory component of mining related environmental management systems 

would likely benefits all stakeholders.   

Oil and gas are not the only mineral material attracting interest at sea. In fact, a great number 

of prospective surveys have and are being conducted worldwide to locate and assess deposits of 

polymetallic nodules and sulphides, and of cobalt-rich ferromanganese crusts (The Royal Society, 

2017; United Nations Environment Programme, 2014). In New Zealand only, seafloor mineral deposits 

were estimated to be worth up to $500 billion NZD in 2003, by the Centre of Advanced Engineering 

(CAE, 2003). Most of the important mineral deposits (other than O&G) are located at bathyal and 

abysmal depth where benthic ecosystems are not well described (Brandt et al., 2014). While the 

findings presented here have confirmed the great value of metabarcoding for the specific case of 

offshore O&G biomonitoring, it is reasonable to assume that future deep-sea benthic surveys assessing 

mining impacts could also benefit from eDNA/eRNA metabarcoding and from the methodological 

analyses presented in this thesis. 
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Figure S1. Oil and gas productive fields and structures in New Zealand. From Venture Taranaki 
(2015). 



Appendices 

 107 

 
Figure S2. Rarefaction curves for each of the 37 environmental DNA (A) and RNA (B) samples 
analyzed using high-throughput sequencing.  
OTU = operational taxonomic unit. 
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A) 

 
 
 
B) 

 
Figure S3. Proportion of environmental DNA (eDNA) (A) and environmental RNA (eRNA)(B) 
sequence reads for each foraminiferal taxonomic group.  
The number of sequences for each high-level group assignment is followed by to the corresponding 
percentage of total number of sequences per dataset. 
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Figure S4. Rarefaction curves on Chao 1 and Shannon metrics for each of the 18 environmental 
DNA and RNA amplicons of bacteria (A) and eukaryotes (B) analyzed using high-throughput 
sequencing. 
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Figure S5. Rarefaction curves on Shannon metric for each of the 63 environmental DNA and RNA 
amplicons of bacteria (A), Foraminifera (B) and other eukaryotes (C) analyzed using high throughput 
sequencing. 
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Figure S6. Krona interactive pie chart of bacteria taxonomic groups retrieved from environmental 
DNA (eDNA) and RNA (eRNA) metabarcoding. 
https://peerj.com/articles/3347/#supplemental-information  
 
Figure S7. Krona interactive pie chart of Foraminifera taxonomic groups retrieved from 
environmental DNA (eDNA) and RNA (eRNA) metabarcoding. 
https://peerj.com/articles/3347/#supplemental-information  
 
Figure S8. Krona interactive pie chart of eukaryote taxonomic groups retrieved from environmental 
DNA (eDNA) and RNA (eRNA) metabarcoding. 
https://peerj.com/articles/3347/#supplemental-information   
 
 

 
Figure S9. Sampling coverage of each sample of the Operational Taxonomic Units dataset of the 
exploratory drilling (ED; A) and the gaz production and drilling (GPD; B) site, and for the Edges 
dataset of ED (C) and GPD (D) site. 
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Figure S10. Sampling coverage of the near-field and far-field distance groups of the Operational 
Taxonomic Units s dataset of the exploratory drilling (ED; A) and the gas production and drilling 
(GPD; B) site, and for the Edges dataset of ED (C) and GPD (D) site. 
 
 

 
Figure S11. Pie charts displaying the proportions of the bacterial phyla and classes of the 
Operational Taxonomic Units and Edges datasets.   
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Figure S12. Association networks based on co-occurrence and mutual exclusion per site, per dataset, 
and per distance groups (near- and far-field samples).  
Positive and negative interactions are displayed as green and blue lines, respectively. Taxa and 
pathways are represented as black circles with size proportional to their respective number of 
interactions.  
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acetate formation from acetyl-CoA I
L-tryptophan degradation I (via anthranilate)

phosphatidylcholine biosynthesis VI

L-citrulline biosynthesis

2-aminoethylphosphonate degradation I

heptaprenyl diphosphate biosynthesis histamine biosynthesis

pyridoxal 5'-phosphate salvage I

D-glucarate degradation II

S-methyl-5'-thioadenosine degradation IV

L-histidine degradation III

adenine and adenosine salvage II

D-galactarate degradation II

phytol degradation

cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate

nitrate reduction X (periplasmic. dissimilatory)

trehalose biosynthesis V

4-hydroxybenzoate biosynthesis II (microbes)

ADP-L-glycero-beta-D-manno-heptose biosynthesis propene degradation

L-tyrosine degradation I

pyrroloquinoline quinone biosynthesis

quinate degradation I

4-aminobutanoate degradation I

putrescine biosynthesis IIIphosphate acquisition

GDP-D-perosamine biosynthesis

succinate to cytochrome bo oxidase electron transfer

ethene and chloroethene degradation

beta-alanine biosynthesis III

taurine degradation IV

L-lysine degradation I

base-degraded thiamine salvage

limonene degradation II (L-limonene)

glycogen biosynthesis I (from ADP-D-Glucose)

L-homoserine biosynthesis

agarose degradationparaoxon degradation

thiamine salvage IV (yeast)

sulfate reduction V (dissimilatory)

adenine and adenosine salvage I

superoxide radicals degradation

glutaryl-CoA degradation

formaldehyde assimilation II (RuMP Cycle)

hypotaurine degradation
sulfide oxidation II (sulfide dehydrogenase)aromatic biogenic amine degradation (bacteria)cyanophycin metabolism

adenine salvagefatty acid biosynthesis initiation I

ammonia oxidation I (aerobic)

taurine degradation I

hydrogen oxidation I (aerobic)

D-sorbitol degradation I

L-arginine degradation VI (arginase 2 pathway)
hydrogen production V

L-threonine degradation IV

salicylate degradation IV
creatinine degradation II

L-leucine biosynthesis

L-asparagine biosynthesis III (tRNA-dependent)L-glutamate degradation I

3.8-divinyl-chlorophyllide a biosynthesis I (aerobic. light-dependent)

adenosine deoxyribonucleotides de novo biosynthesis

pyridoxal 5'-phosphate biosynthesis I

tetrathionate oxidation

dibenzothiophene desulfurization

allantoin degradation to ureidoglycolate I (urea producing)L-lactaldehyde degradation (aerobic)

reductive acetyl coenzyme A pathway I (homoacetogenic bacteria)

nylon-6 oligomer degradation

salicylate degradation I

phosphopantothenate biosynthesis I

CMP phosphorylation

purine deoxyribonucleosides salvage

S-methyl-5-thio-alpha-D-ribose 1-phosphate degradation

palmitate biosynthesis II (bacteria and plants)

adenosine nucleotides degradation III

biotin biosynthesis from 8-amino-7-oxononanoate I

cellulose biosynthesis

glycine cleavage

pyruvate fermentation to ethanol II

glycerol degradation V

pseudouridine degradationsulfur reduction I

NAD biosynthesis I (from aspartate)

pyruvate fermentation to acetate II

mannosylglucosylglycerate biosynthesis I

selenate reduction

glucose degradation (oxidative)

allantoin degradation to ureidoglycolate II (ammonia producing)

mevalonate pathway I

putrescine degradation II

xanthine and xanthosine salvage

2.3-dihydroxybenzoate biosynthesis

uracil degradation III

pyrimidine ribonucleosides salvage I

benzoate degradation II (aerobic and anaerobic)

NAD salvage pathway I

dTDP-L-rhamnose biosynthesis I

thiamine formation from pyrithiamine and oxythiamine (yeast)

D-glucarate degradation I

NAD phosphorylation and transhydrogenation

L-tryptophan biosynthesis

2-methylcitrate cycle I

pyrimidine deoxyribonucleotide phosphorylation

acetoin degradation

L-methionine degradation I (to L-homocysteine)

incomplete reductive TCA cycle

2-oxoisovalerate decarboxylation to isobutanoyl-CoA

glycolate and glyoxylate degradation I

menaquinol-6 biosynthesis

4-aminobenzoate biosynthesis

L-valine biosynthesis

lipid IVA biosynthesis

naphthalene degradation (aerobic)

anthranilate degradation I (aerobic)
guanosine ribonucleotides de novo biosynthesis

D-serine degradation

ribose degradation

3.8-divinyl-chlorophyllide a biosynthesis III (aerobic. light independent)

hydrogen to fumarate electron transfer

L-alanine biosynthesis I

guanine and guanosine salvage

5-aminoimidazole ribonucleotide biosynthesis I

L-glutamate degradation II

adenosine deoxyribonucleotides de novo biosynthesis II

L-citrulline degradation

UDP-D-galactose biosynthesis

biphenyl degradation

L-homocysteine biosynthesis

L-cysteine biosynthesis III (from L-homocysteine)

L-methionine degradation II
thio-molybdenum cofactor biosynthesis

phosphatidylcholine biosynthesis V

guanine and guanosine salvage II

pyruvate fermentation to ethanol III

urate biosynthesis/inosine 5'-phosphate degradation

proline to cytochrome bo oxidase electron transfer

fatty acid elongation -- saturated

mannosylglycerate biosynthesis I

L-threonine biosynthesis

5-aminoimidazole ribonucleotide biosynthesis II

pyrimidine deoxyribonucleotides dephosphorylation

adenine and adenosine salvage III

4-aminobutanoate degradation II

L-alanine biosynthesis III

formaldehyde oxidation I

[2Fe-2S] iron-sulfur cluster biosynthesis

adenine and adenosine salvage VIreductive monocarboxylic acid cycle glycocholate metabolism (bacteria)

pyruvate fermentation to acetone

guanosine deoxyribonucleotides de novo biosynthesis II

malonate decarboxylase activation

heparin degradation

3-dehydroquinate biosynthesis I
tRNA charging

L-ornithine biosynthesis I

UTP and CTP de novo biosynthesis

adenosine ribonucleotides de novo biosynthesis

purine deoxyribonucleosides degradation I

L-glutamine biosynthesis I

S-adenosyl-L-methionine biosynthesis

queuosine biosynthesis

2'-deoxy-alpha-D-ribose 1-phosphate degradation

L-cysteine biosynthesis I

L-aspartate biosynthesis

2.4-dichlorophenoxyacetate  degradation

thiamine diphosphate biosynthesis II (Bacillus)

glycine biosynthesis I

diacylglyceryl-N.N.N-trimethylhomoserine biosynthesis

cob(II)yrinate a.c-diamide biosynthesis I (early cobalt insertion)

dimethylsulfoniopropanoate degradation III (demethylation)

sulfolactate degradation II

thiamine diphosphate biosynthesis I (E. coli)

lipoate biosynthesis and incorporation I

L-glutamine degradation I

PRPP biosynthesis I

diphenyl ethers degradation

chorismate biosynthesis from 3-dehydroquinate

UTP and CTP dephosphorylation I

nitrate reduction III (dissimilatory)
sulfite oxidation III

pentose phosphate pathway (oxidative branch)

S-adenosyl-L-methionine cycle II

glucosylglycerate biosynthesis I

chitin degradation II

succinate to cytochrome bd oxidase electron transfer

L-aspartate degradation I

L-serine biosynthesis

pentose phosphate pathway (non-oxidative branch)

2-aminoethylphosphonate degradation II

L-glutamine biosynthesis III

biotin-carboxyl carrier protein assembly

inosine-5'-phosphate biosynthesis I

UMP biosynthesis

D-galactarate degradation I

C4 photosynthetic carbon assimilation cycle. NAD-ME type

cholesterol degradation to androstenedione I (cholesterol oxidase)

porphyran degradation dimethyl sulfide degradation II (oxidation)

geranylgeranyl diphosphate biosynthesis
limonene degradation I (D-limonene)

hydrogen oxidation II (aerobic. NAD)

CDP-diacylglycerol biosynthesis I
alginate degradation

sulfolactate degradation III

catechol degradation to beta-ketoadipate

sulfoacetaldehyde degradation I

phenylacetate degradation II (anaerobic)

hydrogen to dimethyl sulfoxide electron transfer

fructan biosynthesis

GDP-mannose biosynthesis
ethanolamine utilization

resorcinol degradation

methylphosphonate degradation I

oxalate degradation II

GDP-L-fucose biosynthesis I (from GDP-D-mannose)

spermine biosynthesis

L-histidine biosynthesis

muropeptide degradation

pyruvate fermentation to propanoate I

N6-L-threonylcarbamoyladenosine37-modified tRNA biosynthesis

urea cycle

polyhydroxybutanoate biosynthesis

propanoyl CoA degradation I

adenosylcobalamin salvage from cobalamin
stearate biosynthesis II (bacteria and plants)

L-proline biosynthesis III
parathion degradation

xylose degradation III

D-galactose degradation V (Leloir pathway)

beta-carotene biosynthesis

tetrathionate reduction I (to thiosulfate)

thymine degradation

4-hydroxyacetophenone degradation

spermidine biosynthesis III

cis-vaccenate biosynthesis

testosterone and androsterone degradation to androstendione
acyl carrier protein metabolism

benzoyl-CoA degradation I (aerobic)

methanesulfonate degradation

wax esters biosynthesis II

fructose degradation2.2'-dihydroxybiphenyl degradation

trehalose degradation IV

putrescine degradation I

chlorinated phenols degradation

D-galactonate degradation

tetrapyrrole biosynthesis II (from glycine)
sucrose degradation II (sucrose synthase)

menaquinol-8 biosynthesis

sulfoquinovosyl diacylglycerol biosynthesis

coenzyme A biosynthesis II (mammalian)guanosine deoxyribonucleotides de novo biosynthesis I

L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde

fatty acid biosynthesis initiation II

menaquinol-7 biosynthesis

putrescine biosynthesis IV

thioredoxin pathway

benzene degradation

Rubisco shunt

hydrogen production VI

menaquinol-9 biosynthesis

L-cysteine degradation II

UDP-N-acetylmuramoyl-pentapeptide biosynthesis I (meso-diaminopimelate containing)

Calvin-Benson-Bassham cycle

cyclopropane fatty acid (CFA) biosynthesis

hyaluronan degradation

L-arginine degradation I (arginase pathway)

S-methyl-5'-thioadenosine degradation III
L-tyrosine biosynthesis III

autoinducer AI-1 biosynthesis

L-glutamate degradation VI (to pyruvate)

phenylmercury acetate degradation

aerobic respiration I (cytochrome c)

carbazole degradationS-methyl-5'-thioadenosine degradation I

L-ornithine biosynthesis II

oxalate degradation IV

ectoine biosynthesis

phosphatidylethanolamine biosynthesis I
L-alanine degradation IV

hydrogen production II

citrate degradation

melibiose degradation

tRNA processing

5-(carboxymethoxy)uridine biosynthesis

nitrate reduction IV (dissimilatory)

beta-D-glucuronide and D-glucuronate degradationhydrogen to trimethylamine N-oxide electron transfer

L-asparagine biosynthesis II

adenosylcobalamin salvage from cobinamide II

lipoate biosynthesis and incorporation II

choline degradation III

L-isoleucine degradation I
2.4.6-trichlorophenol degradation

arachidonate biosynthesis II (bacteria)
arsenate detoxification II (glutaredoxin)fucose degradation

pyrimidine ribonucleosides salvage III

CMP-pseudaminate biosynthesis

photosynthesis light reactions

NADH repair

TCA cycle II (plants and fungi)

L-rhamnose degradation I

acrylate degradation

erythromycin D biosynthesis

CDP-diacylglycerol biosynthesis II

trans-3-hydroxy-L-proline degradation

inosine-5'-phosphate biosynthesis II

nitrate reduction VI (assimilatory)thiamine salvage III thiosulfate disproportionation III (rhodanese)

siroheme biosynthesis

D-galacturonate degradation I

L-lactaldehyde degradation (anaerobic)L-1.2-propanediol degradation

formaldehyde oxidation II (glutathione-dependent)

autoinducer AI-2 biosynthesis Ipyruvate fermentation to lactate

N-acetylglucosamine degradation I

pectin degradation II

peptidoglycan maturation (meso-diaminopimelate containing)

spirilloxanthin and 2.2'-diketo-spirilloxanthin biosynthesis

spermidine biosynthesis II

acyl-CoA hydrolysis

pyruvate decarboxylation to acetyl CoA

L-lysine biosynthesis III

N10-formyl-tetrahydrofolate biosynthesis

L-isoleucine biosynthesis IV

tetrapyrrole biosynthesis I (from glutamate)

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide II

phospholipases

oxidized GTP and dGTP detoxification

2.4-dichlorotoluene degradation

glutathionylspermidine biosynthesis

Kdo transfer to lipid IVA II

D-fructuronate degradation

L-rhamnose degradation II

pyruvate fermentation to ethanol I

di-trans.poly-cis-undecaprenyl phosphate biosynthesis

gondoate biosynthesis (anaerobic)

vanillin and vanillate degradation I

maltose degradation

glycerol-3-phosphate to fumarate electron transfer

D-arabinose degradation I5.6-dimethylbenzimidazole biosynthesis I (aerobic)

chondroitin sulfate degradation I (bacterial)

myo-inositol biosynthesis

oleate beta-oxidation

1.2-dichloroethane degradation

urea degradation II

pyrimidine ribonucleosides salvage II
4-aminobutanoate degradation III

L-asparagine biosynthesis I
triacylglycerol degradation

heme biosynthesis II (anaerobic)

L-glutamate biosynthesis II

L-phenylalanine biosynthesis I

chitobiose degradation

putrescine biosynthesis I

sucrose degradation IV (sucrose phosphorylase)

nitrate reduction I (denitrification)

L-selenocysteine biosynthesis I (bacteria)
TCA cycle III (animals)kappa-carrageenan degradation

L-glutamate degradation X

sucrose degradation III (sucrose invertase)

6-hydroxymethyl-dihydropterin diphosphate biosynthesis I

L-glutamine degradation II

sulfur reduction II (via polysulfide)

glutathione-peroxide redox reactions

NADH to cytochrome bd oxidase electron transfer I

3.4-dichlorotoluene degradation

glycerol degradation I

creatinine degradation I

glycine betaine degradation I

myo-inositol degradation I

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide I

L-lysine biosynthesis VI

L-tryptophan degradation II (via pyruvate)

methylerythritol phosphate pathway I

L-leucine degradation I

L-dopachrome biosynthesis

flavin biosynthesis I (bacteria and plants)

homospermidine biosynthesis

thiazole biosynthesis I (facultative anaerobic bacteria)

4-nitrotoluene degradation II

tetrahydrofolate biosynthesisUDP-glucose biosynthesis

sulfate activation for sulfonation

L-isoleucine biosynthesis I (from threonine)
UDP-N-acetyl-D-galactosamine biosynthesis I

trans. trans-farnesyl diphosphate biosynthesis

L-glutamate biosynthesis IIIL-sorbose degradation

glycerophosphodiester degradationvanillin and vanillate degradation II

trehalose degradation I (low osmolarity)

geranyl diphosphate biosynthesis

formate assimilation into 5.10-methylenetetrahydrofolate

mevalonate degradation

mixed acid fermentation

CMP-N-acetylneuraminate biosynthesis II (bacteria)

2-amino-3-carboxymuconate semialdehyde degradation to 2-oxopentenoate

pyrimidine deoxyribonucleosides salvage

D-arginine degradation

androstenedione degradation

glycogen degradation II

L-lysine fermentation to acetate and butanoate

S-methyl-5'-thioadenosine degradation II

nitrogen fixation I (ferredoxin)

guanosine nucleotides degradation III

UDP-alpha-D-glucuronate biosynthesis (from UDP-glucose)

methylsalicylate degradation

fluoroacetate degradation

cyanate degradation

L-idonate degradation

heme biosynthesis I (aerobic)

chlorosalicylate degradation4-amino-2-methyl-5-diphosphomethylpyrimidine biosynthesis

8-amino-7-oxononanoate biosynthesis III

glucose and glucose-1-phosphate degradation

L-threonine degradation II
1.4-dihydroxy-2-naphthoate biosynthesis

glycerol-3-phosphate to cytochrome bo oxidase electron transfer

kojibiose degradation

cob(II)yrinate a.c-diamide biosynthesis II (late cobalt incorporation)

L-arginine biosynthesis III (via N-acetyl-L-citrulline)

pyrimidine deoxyribonucleotides de novo biosynthesis II

tetrahydrofolate salvage from 5.10-methenyltetrahydrofolate
(R)-acetoin biosynthesis II

pyrimidine deoxyribonucleosides degradation

acyl-ACP thioesterase pathway

L-tyrosine biosynthesis I

tetrahydromonapterin biosynthesisthiazole biosynthesis II (aerobic bacteria)

NADH to cytochrome bo oxidase electron transfer I

folate polyglutamylation

N-acetylneuraminate and N-acetylmannosamine degradation I

2.5-dichlorotoluene degradation

acetone degradation II (to acetoacetate)

oxalate degradation V

methylerythritol phosphate pathway II
unsaturated. even numbered fatty acid beta-oxidation

glutathione biosynthesis

adenine and adenosine salvage V

PRPP biosynthesis II

guanylyl molybdenum cofactor biosynthesis

ubiquinol-8 biosynthesis (prokaryotic)

L-lysine biosynthesis I

trehalose biosynthesis I heptadecane biosynthesis

D-gluconate degradation

L-malate degradation II

L-threonine degradation I

L-glutamate biosynthesis I
glutathione amide metabolism

CMP-3-deoxy-D-manno-octulosonate biosynthesis

4-hydroxyphenylpyruvate biosynthesis guanine and guanosine salvage III

L-alanine biosynthesis II

demethylmenaquinol-6 biosynthesis I

L-arginine biosynthesis II (acetyl cycle)

glyoxylate cycle

L-asparagine degradation I

methylglyoxal degradation I

L-arginine degradation III (arginine decarboxylase/agmatinase pathway)

protocatechuate degradation II (ortho-cleavage pathway)

hydrogen production III

L-phenylalanine degradation I (aerobic)

adenosine nucleotides degradation II

4-deoxy-L-threo-hex-4-enopyranuronate degradation

pyrimidine ribonucleosides degradation

CDP-diacylglycerol biosynthesis III

D-galactose degradation I (Leloir pathway)

gluconeogenesis I

2-aminophenol degradation

L-serine degradation

octane oxidation

hydroxymethylpyrimidine salvage

octaprenyl diphosphate biosynthesis

purine ribonucleosides degradation

8-amino-7-oxononanoate biosynthesis I

L-histidine degradation II

beta-alanine biosynthesis II

folate transformations I

demethylmenaquinol-8 biosynthesis I

fatty acid beta-oxidation III (unsaturated. odd number)

arginine dependent acid resistance

NAD biosynthesis from 2-amino-3-carboxymuconate semialdehyde

phenylacetate degradation I (aerobic)

pyrimidine deoxyribonucleotides de novo biosynthesis III

xylose degradation I

demethylmenaquinol-9 biosynthesis

ethanol degradation I

molybdenum cofactor biosynthesis

bis(guanylyl molybdenum cofactor) biosynthesis

long-chain fatty acid activation

TCA cycle I (prokaryotic)

cytidylyl molybdenum cofactor biosynthesis

cardiolipin biosynthesis I

acetate conversion to acetyl-CoA

formate oxidation to CO2

spermidine biosynthesis Itrehalose degradation VI (periplasmic)

trehalose degradation II (trehalase)

urea degradation I
L-methionine biosynthesis I

glycine biosynthesis III

TCA cycle VIII (helicobacter)

mannitol degradation I

lactose degradation III

UDP-D-galacturonate biosynthesis I (from UDP-D-glucuronate)

UDP-N-acetyl-alpha-D-mannosaminouronate biosynthesis

gellan degradation

ppGpp biosynthesis

lipoate salvage I

isopenicillin N biosynthesis

uracil degradation I (reductive)

2-O-alpha-mannosyl-D-glycerate degradation
Entner-Doudoroff pathway I

glutathione-glutaredoxin redox reactions

pectin degradation III
formaldehyde oxidation V (H4MPT pathway)

fatty acid beta-oxidation I

NAD phosphorylation and dephosphorylation

glycolysis III (from glucose)

4.5-dichlorocatechol degradation

sulfate reduction III (assimilatory)
glycolysis I (from glucose 6-phosphate)

glutaminyl-tRNAgln biosynthesis via transamidation

salicylate biosynthesis I

pyrimidine deoxyribonucleotides de novo biosynthesis I

L-histidine degradation I

adenosylcobalamin salvage from cobinamide I
pyridoxal 5'-phosphate biosynthesis II

UDP-N-acetyl-D-glucosamine biosynthesis I

2-oxoglutarate decarboxylation to succinyl-CoA

preQ0 biosynthesis

anhydromuropeptides recycling

pyrimidine nucleobases salvage I

L-proline degradation

D-sorbitol degradation II
ethanol degradation II

malonate degradation I (biotin-independent)

3-chlorobenzoate degradation II (via protocatechuate)

trehalose biosynthesis IV

palmitoleate biosynthesis I (from (5Z)-dodec-5-enoate)urate degradation to allantoin I

phosphonoacetate degradation

cholesterol degradation to androstenedione II (cholesterol dehydrogenase)
coenzyme A biosynthesis Isucrose biosynthesis II

citrate lyase activation

ubiquinol-7 biosynthesis (prokaryotic)ubiquinol-9 biosynthesis (prokaryotic)

L-arabinose degradation I

formaldehyde assimilation I (serine pathway)

5-chloro-3-methyl-catechol degradation
D-mannose degradation

two-component alkanesulfonate monooxygenase

L-proline biosynthesis I

glyoxylate cycle

4-aminobutanoate degradation II
L-histidine degradation II

Entner-Doudoroff pathway I

L-phenylalanine degradation I (aerobic)

myo-inositol degradation I

L-arginine biosynthesis III (via N-acetyl-L-citrulline)

formaldehyde oxidation II (glutathione-dependent)

6-hydroxymethyl-dihydropterin diphosphate biosynthesis I

hypotaurine degradation

peptidoglycan maturation (meso-diaminopimelate containing)

ubiquinol-9 biosynthesis (prokaryotic)

2-amino-3-carboxymuconate semialdehyde degradation to 2-oxopentenoate

octane oxidation

L-idonate degradation

alginate degradation 4-nitrotoluene degradation II

glycolysis III (from glucose)

L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde

adenosine nucleotides degradation III

taurine degradation I

ubiquinol-7 biosynthesis (prokaryotic)

malonate degradation I (biotin-independent)

pentose phosphate pathway (oxidative branch)

folate transformations I

D-sorbitol degradation II

arginine dependent acid resistance

purine deoxyribonucleosides salvage

L-arabinose degradation I

trehalose biosynthesis I

UDP-D-galacturonate biosynthesis I (from UDP-D-glucuronate)

menaquinol-8 biosynthesis

acyl-ACP thioesterase pathway
beta-D-glucuronide and D-glucuronate degradation

vanillin and vanillate degradation I

autoinducer AI-1 biosynthesis

L-leucine degradation I

glutathionylspermidine biosynthesis

4-hydroxyacetophenone degradation

sulfoacetaldehyde degradation Iheme biosynthesis II (anaerobic)

UDP-N-acetyl-D-galactosamine biosynthesis I

L-isoleucine degradation I

arsenate detoxification II (glutaredoxin)

succinate to cytochrome bo oxidase electron transfer

S-methyl-5-thio-alpha-D-ribose 1-phosphate degradation

NADH to cytochrome bo oxidase electron transfer I

4-aminobutanoate degradation I

phenylacetate degradation I (aerobic)

L-methionine biosynthesis I

4-deoxy-L-threo-hex-4-enopyranuronate degradation

folate polyglutamylation

wax esters biosynthesis II

sulfide oxidation II (sulfide dehydrogenase)

citrate lyase activation

putrescine biosynthesis IV

pyrroloquinoline quinone biosynthesis

beta-carotene biosynthesis

trehalose degradation IV

coenzyme A biosynthesis II (mammalian)

sucrose degradation IV (sucrose phosphorylase)

hyaluronan degradation

2.2'-dihydroxybiphenyl degradation

formaldehyde oxidation I

pyridoxal 5'-phosphate salvage I

pyruvate fermentation to acetate II

erythromycin D biosynthesis

L-dopachrome biosynthesis

Calvin-Benson-Bassham cycle

L-1.2-propanediol degradation

cyanate degradation

base-degraded thiamine salvage

thiamine salvage III

proline to cytochrome bo oxidase electron transfer

thiamine salvage IV (yeast)

lipoate salvage I
L-proline biosynthesis III

sulfate reduction V (dissimilatory)

adenine and adenosine salvage VI

geranyl diphosphate biosynthesis

L-selenocysteine biosynthesis I (bacteria)

hydrogen oxidation I (aerobic)

GDP-L-fucose biosynthesis I (from GDP-D-mannose)

L-asparagine biosynthesis III (tRNA-dependent)

hydrogen production II

L-isoleucine biosynthesis IV 3.8-divinyl-chlorophyllide a biosynthesis I (aerobic. light-dependent)

phenylmercury acetate degradation

CMP-N-acetylneuraminate biosynthesis II (bacteria)

2-aminoethylphosphonate degradation I

mannosylglucosylglycerate biosynthesis I

guanine and guanosine salvage II

glutaminyl-tRNAgln biosynthesis via transamidation

L-lysine fermentation to acetate and butanoate

glucosylglycerate biosynthesis I

S-methyl-5'-thioadenosine degradation IV

kojibiose degradation

thymine degradation

fucose degradation

cholesterol degradation to androstenedione II (cholesterol dehydrogenase)
L-alanine biosynthesis II

heptaprenyl diphosphate biosynthesis

pyruvate decarboxylation to acetyl CoA

reductive monocarboxylic acid cycle

L-methionine degradation II

glycine biosynthesis I

acetate conversion to acetyl-CoA

L-tyrosine biosynthesis I

spermine biosynthesis

8-amino-7-oxononanoate biosynthesis III

xylose degradation I

geranylgeranyl diphosphate biosynthesis

pectin degradation III

beta-alanine biosynthesis III

putrescine biosynthesis III

UDP-alpha-D-glucuronate biosynthesis (from UDP-glucose) lipoate biosynthesis and incorporation II

formaldehyde assimilation I (serine pathway)

cyclopropane fatty acid (CFA) biosynthesis

3.8-divinyl-chlorophyllide a biosynthesis III (aerobic. light independent)S-methyl-5'-thioadenosine degradation III

inosine-5'-phosphate biosynthesis II

propanoyl CoA degradation I

GDP-mannose biosynthesis

Kdo transfer to lipid IVA II

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide I

CDP-diacylglycerol biosynthesis II

ubiquinol-8 biosynthesis (prokaryotic)

TCA cycle VIII (helicobacter)

tetrahydromonapterin biosynthesis

4-aminobutanoate degradation III

demethylmenaquinol-8 biosynthesis I

L-alanine biosynthesis I

bis(guanylyl molybdenum cofactor) biosynthesis

octaprenyl diphosphate biosynthesis

thiazole biosynthesis I (facultative anaerobic bacteria)

acetate formation from acetyl-CoA I

guanosine nucleotides degradation III

2'-deoxy-alpha-D-ribose 1-phosphate degradation

purine deoxyribonucleosides degradation I

S-adenosyl-L-methionine cycle II

pyrimidine deoxyribonucleosides degradation

L-threonine degradation I

glutathione amide metabolism

purine ribonucleosides degradation

pyruvate fermentation to ethanol I

ethanol degradation I

methylerythritol phosphate pathway I

nitrate reduction X (periplasmic. dissimilatory)

hydrogen to trimethylamine N-oxide electron transfer

L-proline degradation

chitobiose degradation

mixed acid fermentation
oleate beta-oxidation

2-O-alpha-mannosyl-D-glycerate degradation

mevalonate pathway I

L-glutamate degradation X

glycine biosynthesis III chitin degradation II1.4-dihydroxy-2-naphthoate biosynthesis autoinducer AI-2 biosynthesis I

xanthine and xanthosine salvage

glutathione-glutaredoxin redox reactions

L-histidine degradation I

adenine salvage

pyrimidine deoxyribonucleosides salvage

pyrimidine ribonucleosides degradation

D-galactose degradation I (Leloir pathway)

L-tryptophan degradation I (via anthranilate)

NAD phosphorylation and transhydrogenation

L-lysine biosynthesis I

oxidized GTP and dGTP detoxification

8-amino-7-oxononanoate biosynthesis I

cis-vaccenate biosynthesis

N-acetylneuraminate and N-acetylmannosamine degradation I

L-cysteine degradation II

L-lysine degradation I

N-acetylglucosamine degradation I

methylglyoxal degradation I

methylerythritol phosphate pathway II

ribose degradation

diacylglyceryl-N.N.N-trimethylhomoserine biosynthesisUDP-glucose biosynthesis

ADP-L-glycero-beta-D-manno-heptose biosynthesis

adenine and adenosine salvage I

D-galactonate degradation

adenine and adenosine salvage V mannitol degradation I

L-lysine biosynthesis III

allantoin degradation to ureidoglycolate I (urea producing)

glycogen degradation II

4-hydroxyphenylpyruvate biosynthesis

L-phenylalanine biosynthesis I

pyrimidine ribonucleosides salvage I

putrescine biosynthesis I
L-arginine degradation III (arginine decarboxylase/agmatinase pathway)

urate degradation to allantoin I

lipoate biosynthesis and incorporation I

flavin biosynthesis I (bacteria and plants)

L-glutamate degradation II

pyrimidine deoxyribonucleotides dephosphorylation

L-isoleucine biosynthesis I (from threonine)

phosphatidylcholine biosynthesis V

5-(carboxymethoxy)uridine biosynthesis

cob(II)yrinate a.c-diamide biosynthesis II (late cobalt incorporation)

agarose degradation

fatty acid beta-oxidation III (unsaturated. odd number)

L-arginine biosynthesis II (acetyl cycle)

pyrimidine deoxyribonucleotides de novo biosynthesis I

adenosylcobalamin salvage from cobinamide II

2.3-dihydroxybenzoate biosynthesis

adenosine deoxyribonucleotides de novo biosynthesis

naphthalene degradation (aerobic)

acyl carrier protein metabolism
adenine and adenosine salvage III

phosphatidylcholine biosynthesis VI

limonene degradation I (D-limonene)

guanosine deoxyribonucleotides de novo biosynthesis I

cholesterol degradation to androstenedione I (cholesterol oxidase)

4-amino-2-methyl-5-diphosphomethylpyrimidine biosynthesis

thiosulfate disproportionation III (rhodanese)

thio-molybdenum cofactor biosynthesis

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide II

glycerophosphodiester degradation

porphyran degradation

CMP-3-deoxy-D-manno-octulosonate biosynthesis

L-malate degradation II

glutathione biosynthesis

menaquinol-6 biosynthesis

menaquinol-7 biosynthesis

adenosine nucleotides degradation II

menaquinol-9 biosynthesis

L-asparagine degradation Imolybdenum cofactor biosynthesis

gondoate biosynthesis (anaerobic)

guanine and guanosine salvage III

ectoine biosynthesis

pyrimidine deoxyribonucleotides de novo biosynthesis III

formate oxidation to CO2

biotin biosynthesis from 8-amino-7-oxononanoate I acyl-CoA hydrolysis

uracil degradation I (reductive)

L-lactaldehyde degradation (anaerobic)

phosphate acquisition

formate assimilation into 5.10-methylenetetrahydrofolatepyruvate fermentation to acetone

nitrogen fixation I (ferredoxin)

pyruvate fermentation to propanoate IL-aspartate biosynthesis

protocatechuate degradation II (ortho-cleavage pathway)L-glutamate biosynthesis II

NADH to cytochrome bd oxidase electron transfer I

S-methyl-5'-thioadenosine degradation II

D-mannose degradation

trehalose biosynthesis V

L-threonine degradation II

creatinine degradation I

sulfur reduction II (via polysulfide)

histamine biosynthesis

L-ornithine biosynthesis II
L-lysine biosynthesis VI

glycerol degradation I

urea degradation II

L-glutamate biosynthesis IIIformaldehyde assimilation II (RuMP Cycle)

NAD biosynthesis from 2-amino-3-carboxymuconate semialdehyde

trans. trans-farnesyl diphosphate biosynthesis

glycogen biosynthesis I (from ADP-D-Glucose)hydrogen oxidation II (aerobic. NAD)

N6-L-threonylcarbamoyladenosine37-modified tRNA biosynthesis

L-cysteine biosynthesis I

fatty acid elongation -- saturated

L-threonine biosynthesis

ethanolamine utilization

diphenyl ethers degradation

2-oxoisovalerate decarboxylation to isobutanoyl-CoA

gellan degradation

CDP-diacylglycerol biosynthesis III

urate biosynthesis/inosine 5'-phosphate degradation

parathion degradation

paraoxon degradation

biphenyl degradation

L-tryptophan degradation II (via pyruvate)

L-serine degradation
trehalose degradation I (low osmolarity)

L-methionine degradation I (to L-homocysteine)

citrate degradation

chondroitin sulfate degradation I (bacterial)

N10-formyl-tetrahydrofolate biosynthesis

urea degradation I

fatty acid biosynthesis initiation II

CDP-diacylglycerol biosynthesis Isulfite oxidation III sulfoquinovosyl diacylglycerol biosynthesis

spermidine biosynthesis I

glycine cleavagehydrogen to fumarate electron transfer

mannosylglycerate biosynthesis I

siroheme biosynthesis

D-galactose degradation V (Leloir pathway)

L-arginine degradation VI (arginase 2 pathway)

thiazole biosynthesis II (aerobic bacteria) L-arginine degradation I (arginase pathway)

L-sorbose degradationL-glutamate degradation VI (to pyruvate)

acetone degradation II (to acetoacetate)

tetrapyrrole biosynthesis I (from glutamate)

limonene degradation II (L-limonene)

taurine degradation IV

glucose and glucose-1-phosphate degradation

tetrahydrofolate salvage from 5.10-methenyltetrahydrofolate

heparin degradation

D-arginine degradation

1.2-dichloroethane degradation

cytidylyl molybdenum cofactor biosynthesis

resorcinol degradation

2.4.6-trichlorophenol degradation

polyhydroxybutanoate biosynthesis

2.4-dichlorophenoxyacetate  degradation

L-glutamine biosynthesis III

D-glucarate degradation II

cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate

oxalate degradation II

D-galactarate degradation II

putrescine degradation II

putrescine degradation I

maltose degradation

4.5-dichlorocatechol degradation

NADH repair

2.5-dichlorotoluene degradation

5-chloro-3-methyl-catechol degradation

2.4-dichlorotoluene degradation

3.4-dichlorotoluene degradation

vancomycin resistance I

glutaryl-CoA degradation

di-trans.poly-cis-undecaprenyl phosphate biosynthesis

L-aspartate degradation I

pyridoxal 5'-phosphate biosynthesis Ipalmitoleate biosynthesis I (from (5Z)-dodec-5-enoate) adenosylcobalamin salvage from cobinamide I

L-citrulline degradationpyrimidine nucleobases salvage I

UTP and CTP de novo biosynthesis

L-proline biosynthesis I

guanine and guanosine salvage

long-chain fatty acid activation

fatty acid beta-oxidation I

guanylyl molybdenum cofactor biosynthesis

L-leucine biosynthesis

TCA cycle II (plants and fungi)

L-glutamine degradation Ipyrimidine deoxyribonucleotide phosphorylation

sulfate activation for sulfonation

L-asparagine biosynthesis II

L-alanine degradation IV

L-glutamate degradation INAD phosphorylation and dephosphorylation

queuosine biosynthesis

5-aminoimidazole ribonucleotide biosynthesis I UDP-N-acetyl-alpha-D-mannosaminouronate biosynthesis

stearate biosynthesis II (bacteria and plants)L-homoserine biosynthesis

D-sorbitol degradation I(R)-acetoin biosynthesis II

succinate to cytochrome bd oxidase electron transfer

pseudouridine degradationincomplete reductive TCA cycle

tetrathionate reduction I (to thiosulfate)

reductive acetyl coenzyme A pathway I (homoacetogenic bacteria)

myo-inositol biosynthesis

hydrogen production VI

D-arabinose degradation I

inosine-5'-phosphate biosynthesis I

TCA cycle I (prokaryotic)

dTDP-L-rhamnose biosynthesis I

NAD biosynthesis I (from aspartate)

L-histidine degradation IIIUTP and CTP dephosphorylation I

adenosine deoxyribonucleotides de novo biosynthesis II

5-aminoimidazole ribonucleotide biosynthesis II

gluconeogenesis I

L-asparagine biosynthesis I

tetrahydrofolate biosynthesis

selenate reduction

chorismate biosynthesis from 3-dehydroquinate

phosphopantothenate biosynthesis I 3-dehydroquinate biosynthesis I

tRNA processing

phosphatidylethanolamine biosynthesis I

S-adenosyl-L-methionine biosynthesis

biotin-carboxyl carrier protein assembly

L-glutamine biosynthesis I

PRPP biosynthesis I

urea cycleadenosylcobalamin salvage from cobalamin

L-ornithine biosynthesis I2-oxoglutarate decarboxylation to succinyl-CoA

preQ0 biosynthesis pentose phosphate pathway (non-oxidative branch)

L-alanine biosynthesis III

anhydromuropeptides recycling

thioredoxin pathway

lipid IVA biosynthesisethanol degradation II

guanosine ribonucleotides de novo biosynthesis
L-valine biosynthesis

L-serine biosynthesis

phosphonoacetate degradation

UMP biosynthesis

hydrogen production III

L-tryptophan biosynthesis

L-histidine biosynthesis

[2Fe-2S] iron-sulfur cluster biosynthesis

CMP phosphorylation

guanosine deoxyribonucleotides de novo biosynthesis II

tRNA charging

superoxide radicals degradation
UDP-N-acetyl-D-glucosamine biosynthesis I

palmitate biosynthesis II (bacteria and plants)

pyruvate fermentation to lactate

adenosine ribonucleotides de novo biosynthesis

glycerol-3-phosphate to cytochrome bo oxidase electron transfer

salicylate degradation IV

D-fructuronate degradation

allantoin degradation to ureidoglycolate II (ammonia producing)

sulfolactate degradation III

benzoate degradation II (aerobic and anaerobic)

UDP-N-acetylmuramoyl-pentapeptide biosynthesis I (meso-diaminopimelate containing)

L-cysteine biosynthesis III (from L-homocysteine)

ppGpp biosynthesis

2-aminophenol degradation

mevalonate degradation

pyridoxal 5'-phosphate biosynthesis II

pyrimidine deoxyribonucleotides de novo biosynthesis II

sulfate reduction III (assimilatory)

L-homocysteine biosynthesis

hydrogen to dimethyl sulfoxide electron transfer

coenzyme A biosynthesis I

trehalose biosynthesis IV

cob(II)yrinate a.c-diamide biosynthesis I (early cobalt insertion)

glycerol-3-phosphate to fumarate electron transfer

pyruvate fermentation to ethanol IIIglycolate and glyoxylate degradation I

melibiose degradation

4-aminobenzoate biosynthesis

UDP-D-galactose biosynthesisthiamine diphosphate biosynthesis I (E. coli)

glycolysis I (from glucose 6-phosphate)

thiamine diphosphate biosynthesis II (Bacillus)

heme biosynthesis I (aerobic)

sulfolactate degradation II

dimethylsulfoniopropanoate degradation III (demethylation)

tetrapyrrole biosynthesis II (from glycine)

isopenicillin N biosynthesis

xylose degradation III

anthranilate degradation I (aerobic)

vanillin and vanillate degradation II

methanesulfonate degradation

aromatic biogenic amine degradation (bacteria)

fluoroacetate degradation

4-hydroxybenzoate biosynthesis II (microbes)

methylsalicylate degradation

nylon-6 oligomer degradation

acetoin degradation

chlorinated phenols degradation

demethylmenaquinol-6 biosynthesis I

demethylmenaquinol-9 biosynthesis

beta-alanine biosynthesis II

L-glutamate biosynthesis I

aerobic respiration I (cytochrome c)

hydroxymethylpyrimidine salvage

L-glutamine degradation II

fatty acid biosynthesis initiation I

androstenedione degradation

chlorosalicylate degradation

carbazole degradation

L-tyrosine biosynthesis III

salicylate degradation I

oxalate degradation IV

L-glutamine biosynthesis I

UDP-N-acetyl-D-glucosamine biosynthesis I

thiamine diphosphate biosynthesis I (E. coli)

L-proline biosynthesis I

L-cysteine biosynthesis I

guanosine nucleotides degradation III

tRNA processing

UMP biosynthesis
heptadecane biosynthesis

L-tryptophan biosynthesis

superoxide radicals degradation

adenine and adenosine salvage V

biotin biosynthesis from 8-amino-7-oxononanoate I
pyrimidine ribonucleosides degradation

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide I

oxidized GTP and dGTP detoxification

folate polyglutamylation

guanosine deoxyribonucleotides de novo biosynthesis I

adenosine deoxyribonucleotides de novo biosynthesis

stearate biosynthesis II (bacteria and plants)
2-oxoglutarate decarboxylation to succinyl-CoA

trehalose degradation I (low osmolarity)

trans. trans-farnesyl diphosphate biosynthesis

ethanol degradation I

4-amino-2-methyl-5-diphosphomethylpyrimidine biosynthesis

flavin biosynthesis I (bacteria and plants)

purine deoxyribonucleosides degradation I

queuosine biosynthesis

palmitoleate biosynthesis I (from (5Z)-dodec-5-enoate)

pyridoxal 5'-phosphate biosynthesis II

wax esters biosynthesis II

5-aminoimidazole ribonucleotide biosynthesis II

ppGpp biosynthesis urea degradation II

pyrimidine deoxyribonucleotides de novo biosynthesis II

guanylyl molybdenum cofactor biosynthesis

L-arginine biosynthesis II (acetyl cycle)
bis(guanylyl molybdenum cofactor) biosynthesis

pyridoxal 5'-phosphate biosynthesis I

thiamine diphosphate biosynthesis II (Bacillus)

NAD phosphorylation and dephosphorylation

UDP-N-acetylmuramoyl-pentapeptide biosynthesis I (meso-diaminopimelate containing)

tetrahydrofolate salvage from 5.10-methenyltetrahydrofolate

chondroitin sulfate degradation I (bacterial)fatty acid beta-oxidation I

L-histidine degradation I

TCA cycle I (prokaryotic)

anhydromuropeptides recycling

pyruvate fermentation to ethanol II

D-galactose degradation I (Leloir pathway)

formaldehyde assimilation II (RuMP Cycle)

L-threonine degradation I

thiamine salvage III

2'-deoxy-alpha-D-ribose 1-phosphate degradation

succinate to cytochrome bd oxidase electron transfer

adenine and adenosine salvage II

glutathione biosynthesis

pyrimidine deoxyribonucleotides de novo biosynthesis I

glycine biosynthesis I
L-methionine biosynthesis I

putrescine biosynthesis I

C4 photosynthetic carbon assimilation cycle. NAD-ME type

preQ0 biosynthesis

L-lactaldehyde degradation (aerobic)
S-methyl-5'-thioadenosine degradation IV

L-glutamate degradation II

xanthine and xanthosine salvage

L-asparagine biosynthesis II

lipid IVA biosynthesis

2.3-dihydroxybenzoate biosynthesis

L-tryptophan degradation II (via pyruvate)

L-ornithine biosynthesis I
glutathione amide metabolismpentose phosphate pathway (non-oxidative branch)

4-hydroxybenzoate biosynthesis II (microbes)

purine ribonucleosides degradation

glycine biosynthesis III

1.4-dihydroxy-2-naphthoate biosynthesis

ethanolamine utilization

tetrathionate reduction I (to thiosulfate)

thiazole biosynthesis I (facultative anaerobic bacteria)

N-acetylglucosamine degradation Ixylose degradation III

arsenate detoxification II (glutaredoxin)

isopenicillin N biosynthesis

4-aminobutanoate degradation II
L-idonate degradation

pyruvate fermentation to ethanol I

anthranilate degradation I (aerobic)

L-dopachrome biosynthesis

arachidonate biosynthesis II (bacteria)

sulfate reduction III (assimilatory)

glucose and glucose-1-phosphate degradation

L-lysine degradation I

acyl-CoA hydrolysis

aerobic respiration I (cytochrome c)

pyruvate fermentation to lactateL-1.2-propanediol degradation
folate transformations I

pyrimidine deoxyribonucleosides degradation

proline to cytochrome bo oxidase electron transfer

ubiquinol-8 biosynthesis (prokaryotic)

UDP-D-galacturonate biosynthesis I (from UDP-D-glucuronate) salicylate degradation I

pentose phosphate pathway (oxidative branch) mannitol degradation I

methylglyoxal degradation I

heme biosynthesis II (anaerobic)
CDP-diacylglycerol biosynthesis III

L-histidine degradation III

L-serine degradation

3.4-dichlorotoluene degradation

UDP-glucose biosynthesis

L-arabinose degradation I

lipoate biosynthesis and incorporation I

acetone degradation II (to acetoacetate)

4-hydroxyphenylpyruvate biosynthesis
D-gluconate degradation

UDP-N-acetyl-alpha-D-mannosaminouronate biosynthesis
pyrimidine ribonucleosides salvage I

demethylmenaquinol-8 biosynthesis I

octaprenyl diphosphate biosynthesis

L-asparagine degradation I

vanillin and vanillate degradation II
oxalate degradation IV

D-arginine degradation

L-phenylalanine biosynthesis Imethanesulfonate degradation

acetate formation from acetyl-CoA I

L-isoleucine biosynthesis I (from threonine)

demethylmenaquinol-9 biosynthesis

PRPP biosynthesis II

nitrate reduction I (denitrification)
spermidine biosynthesis I adenosine nucleotides degradation III

CDP-diacylglycerol biosynthesis Iguanosine nucleotides degradation II
L-glutamate degradation X

chlorosalicylate degradation

glucose degradation (oxidative)

chitobiose degradation

L-lysine biosynthesis III

cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate

mannosylglycerate biosynthesis Idemethylmenaquinol-6 biosynthesis I

diphenyl ethers degradation

L-glutamate degradation I

L-arginine degradation III (arginine decarboxylase/agmatinase pathway)

lipoate biosynthesis and incorporation II

3-chlorobenzoate degradation II (via protocatechuate)

adenine and adenosine salvage I

NADH to cytochrome bo oxidase electron transfer I

methylsalicylate degradation

N10-formyl-tetrahydrofolate biosynthesis

L-rhamnose degradation I

pyrimidine deoxyribonucleosides salvage

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide II

phosphopantothenate biosynthesis I

L-histidine biosynthesis

thiosulfate disproportionation III (rhodanese)

arginine dependent acid resistance

myo-inositol biosynthesis

benzene degradation

CMP-3-deoxy-D-manno-octulosonate biosynthesis

palmitate biosynthesis II (bacteria and plants)

limonene degradation I (D-limonene)

L-homocysteine biosynthesis

lipoate salvage I

propene degradation

NADH repair

dTDP-L-rhamnose biosynthesis I

L-tryptophan degradation I (via anthranilate)

phenylacetate degradation I (aerobic)

aerobic respiration II (cytochrome c) (yeast)

creatinine degradation II

methylphosphonate degradation I

ethene and chloroethene degradation

allantoin degradation to ureidoglycolate II (ammonia producing)

propanoyl-CoA degradation II

nitrate reduction IX (dissimilatory)

pyridoxal 5'-phosphate salvage I

autoinducer AI-2 biosynthesis I

CDP-diacylglycerol biosynthesis II

tetrahydromonapterin biosynthesis

8-amino-7-oxononanoate biosynthesis I

guanine and guanosine salvage III

Kdo transfer to lipid IVA II

L-alanine biosynthesis I

urea degradation I

2-methylcitrate cycle I

urate degradation to allantoin I

fluoroacetate degradation

S-methyl-5'-thioadenosine degradation I

thio-molybdenum cofactor biosynthesis

reductive monocarboxylic acid cycle

urate biosynthesis/inosine 5'-phosphate degradation

[2Fe-2S] iron-sulfur cluster biosynthesis

glycolysis I (from glucose 6-phosphate)

biotin-carboxyl carrier protein assembly

D-sorbitol degradation II

L-tyrosine biosynthesis I

L-glutamine degradation I

pyrimidine nucleobases salvage I

cholesterol degradation to androstenedione I (cholesterol oxidase)

L-homoserine biosynthesis

guanosine deoxyribonucleotides de novo biosynthesis II

chorismate biosynthesis from 3-dehydroquinate guanosine ribonucleotides de novo biosynthesisL-citrulline degradation

PRPP biosynthesis I
adenosylcobalamin salvage from cobalamin

3-dehydroquinate biosynthesis I

UTP and CTP de novo biosynthesis

L-valine biosynthesis

5-aminoimidazole ribonucleotide biosynthesis I

L-asparagine biosynthesis I

homospermidine biosynthesis

adenosine nucleotides degradation II

gondoate biosynthesis (anaerobic)
long-chain fatty acid activation

inosine-5'-phosphate biosynthesis I

L-alanine biosynthesis III

UTP and CTP dephosphorylation I

UDP-D-galactose biosynthesis

L-alanine degradation IV

di-trans.poly-cis-undecaprenyl phosphate biosynthesis

gluconeogenesis I

S-adenosyl-L-methionine biosynthesis

tetrahydrofolate biosynthesis

pyrimidine deoxyribonucleotide phosphorylation

tRNA charging

L-leucine biosynthesis

fatty acid elongation -- saturated

adenosine deoxyribonucleotides de novo biosynthesis II

guanine and guanosine salvage

4-aminobenzoate biosynthesis

urea cycle

glycerophosphodiester degradation

adenine and adenosine salvage IIIsulfate activation for sulfonation

molybdenum cofactor biosynthesis

phosphatidylethanolamine biosynthesis I

L-threonine biosynthesis

thioredoxin pathwayCMP phosphorylation

L-serine biosynthesis

NAD biosynthesis I (from aspartate)

acetate conversion to acetyl-CoA
selenate reduction

cob(II)yrinate a.c-diamide biosynthesis II (late cobalt incorporation)

adenine and adenosine salvage VI
D-glucarate degradation II

pyrimidine deoxyribonucleotides dephosphorylation
adenosine ribonucleotides de novo biosynthesis

coenzyme A biosynthesis I

glycine betaine degradation I

L-alanine biosynthesis II

L-selenocysteine biosynthesis I (bacteria)

ribose degradation

NAD biosynthesis from 2-amino-3-carboxymuconate semialdehyde

phosphonoacetate degradation

protocatechuate degradation II (ortho-cleavage pathway)

hydrogen production III

hydrogen oxidation I (aerobic)

3.8-divinyl-chlorophyllide a biosynthesis I (aerobic. light-dependent)

mannosylglucosylglycerate biosynthesis I

glycocholate metabolism (bacteria)

sulfur reduction II (via polysulfide)

NAD biosynthesis III

geranyl diphosphate biosynthesis

mixed acid fermentation
two-component alkanesulfonate monooxygenase

S-methyl-5-thio-alpha-D-ribose 1-phosphate degradation

fatty acid biosynthesis initiation II

guanine and guanosine salvage II

sulfoquinovosyl diacylglycerol biosynthesis

dimethylsulfoniopropanoate degradation III (demethylation)

2-O-alpha-mannosyl-D-glycerate degradation
S-methyl-5'-thioadenosine degradation II

L-lysine biosynthesis VI

NADH to fumarate electron transfer

glucosylglycerate biosynthesis II

leucine degradation IV

pyruvate fermentation to acetone

methylerythritol phosphate pathway I

L-isoleucine biosynthesis IV

fructan biosynthesis

glycogen biosynthesis I (from ADP-D-Glucose)glutaryl-CoA degradation thymine degradation

methylthiopropanoate degradation I (cleavage)

acyl carrier protein metabolism

hydrogen production II

histamine biosynthesis

L-methionine degradation II

2.5-dichlorotoluene degradation

reductive acetyl coenzyme A pathway I (homoacetogenic bacteria)

diacylglyceryl-N.N.N-trimethylhomoserine biosynthesis

nitrogen fixation I (ferredoxin)

L-aspartate degradation I

xylose degradation I

limonene degradation II (L-limonene)

melibiose degradation

NADH to cytochrome bd oxidase electron transport II

cyanate degradation
trehalose degradation VI (periplasmic)

sucrose degradation III (sucrose invertase)

spermidine biosynthesis III

2-aminophenol degradation

arsenite oxidation II (respiratory)

glutathionylspermidine biosynthesis

hydrogen production V

D-sorbitol degradation I

vancomycin resistance I

UDP-alpha-D-glucuronate biosynthesis (from UDP-glucose)

hydrogen to fumarate electron transfer

putrescine degradation I

sulfide oxidation II (sulfide dehydrogenase)

TCA cycle II (plants and fungi)

beta-alanine biosynthesis III

ectoine biosynthesis

siroheme biosynthesis

L-ascorbate degradation II (bacterial. aerobic)

D-galactonate degradation

pectin degradation III

catechol degradation to beta-ketoadipate

L-aspartate biosynthesis

pyrroloquinoline quinone biosynthesis

1.2-dichloroethane degradation

allantoin degradation to ureidoglycolate I (urea producing)

benzoyl-CoA degradation I (aerobic)

phosphatidylcholine biosynthesis V

L-arginine degradation VI (arginase 2 pathway)

salicylate degradation IV

beta-alanine biosynthesis II

mevalonate pathway I

fatty acid beta-oxidation II (peroxisome)

ethanol degradation II

trehalose biosynthesis I

parathion degradation

agarose degradation

D-allose degradation

L-glutamine biosynthesis III

resorcinol degradation

(R.R)-butanediol degradation

glycolate and glyoxylate degradation I

oxalate degradation V

2.4.6-trichlorophenol degradation

paraoxon degradation

CMP-N-acetylneuraminate biosynthesis II (bacteria)

kappa-carrageenan degradation

taurine biosynthesis

spirilloxanthin and 2.2'-diketo-spirilloxanthin biosynthesis

D-fructuronate degradation

pyruvate decarboxylation to acetyl CoA

ammonia oxidation I (aerobic)

malonate degradation I (biotin-independent)

geranylgeranyl diphosphate biosynthesis

trans-3-hydroxy-L-proline degradation

L-lysine degradation V

glycogen degradation II

spermidine biosynthesis II

dibenzothiophene desulfurization

S-methyl-5'-thioadenosine degradation III
pyruvate fermentation to acetate II

thiamine salvage IV (yeast)

menaquinol-8 biosynthesis

acetoin degradation

nitrate reduction X (periplasmic. dissimilatory)

beta-D-glucuronide and D-glucuronate degradation

2-aminoethylphosphonate degradation II

cob(II)yrinate a.c-diamide biosynthesis I (early cobalt insertion)

L-cysteine degradation II

hydrogen to dimethyl sulfoxide electron transfer

citrate degradation

L-sorbose degradation

Rubisco shunt

cytidylyl molybdenum cofactor biosynthesis

sphingomyelin metabolism

tetrapyrrole biosynthesis I (from glutamate)

formaldehyde oxidation V (H4MPT pathway)

coenzyme A biosynthesis II (mammalian)

2.4-dichlorophenoxyacetate  degradation

NADH to cytochrome bo oxidase electron transfer II

trehalose degradation II (trehalase)

ethylmalonyl-CoA pathway

cyclopropane fatty acid (CFA) biosynthesis

L-glutamate biosynthesis III

TCA cycle VIII (helicobacter)
pseudouridine degradation

very long chain fatty acid biosynthesis I

L-glutamate biosynthesis II

L-tyrosine biosynthesis III

androstenedione degradation

glutathione-peroxide redox reactionsformaldehyde oxidation II (glutathione-dependent)

ubiquinol-7 biosynthesis (prokaryotic)

L-citrulline biosynthesis

alginate degradation

L-proline biosynthesis III

L-ornithine biosynthesis II

TCA cycle III (animals) fatty acid biosynthesis initiation I

photosynthesis light reactions

benzoyl-CoA degradation II (anaerobic)

glyoxylate cycle

carbazole degradation

L-glutamate biosynthesis I
triacylglycerol degradation

Entner-Doudoroff pathway I

nylon-6 oligomer degradation

D-arabinose degradation I

NADH to cytochrome bd oxidase electron transfer I

glutathione-glutaredoxin redox reactions

nitrate reduction III (dissimilatory)sulfur reduction I

D-serine degradationglycerol degradation II
4.5-dichlorocatechol degradation

fucose degradation L-lactaldehyde degradation (anaerobic)

sulfolactate degradation II

NAD salvage pathway IV

lactose degradation IIIADP-L-glycero-beta-D-manno-heptose biosynthesis

menaquinol-7 biosynthesis

D-galactarate degradation II

cis-vaccenate biosynthesis

D-galactose degradation V (Leloir pathway)

L-lysine biosynthesis I

peptidoglycan maturation (meso-diaminopimelate containing)

glucosylglycerate biosynthesis I

N-acetylneuraminate and N-acetylmannosamine degradation I

3.8-divinyl-chlorophyllide a biosynthesis III (aerobic. light independent)muropeptide degradation

cholesterol degradation to androstenedione II (cholesterol dehydrogenase)

phosphatidylcholine biosynthesis VI

pyruvate fermentation to propanoate I

L-phenylalanine degradation I (aerobic)
2.4-dichlorotoluene degradation

trehalose biosynthesis IV

L-histidine degradation II
5-chloro-3-methyl-catechol degradation

citrate lyase activation

glycerol degradation V

aromatic biogenic amine degradation (bacteria)chitin degradation II

CMP-pseudaminate biosynthesis

heme biosynthesis I (aerobic)

tetrapyrrole biosynthesis II (from glycine)

L-phenylalanine biosynthesis II

stearate biosynthesis III (fungi)

N6-L-threonylcarbamoyladenosine37-modified tRNA biosynthesis

dimethyl sulfide degradation II (oxidation)

thiazole biosynthesis II (aerobic bacteria)

putrescine biosynthesis IV

sucrose biosynthesis II

formaldehyde assimilation I (serine pathway)

L-tyrosine degradation I

uracil degradation III

GDP-mannose biosynthesis

D-mannose degradation

hydrogen production VI

trehalose biosynthesis V

acyl-ACP thioesterase pathway

glycerol-3-phosphate to fumarate electron transfer

3-chlorobenzoate degradation III (via gentisate)

autoinducer AI-2 degradation

creatinine degradation I

phosphate acquisition

autoinducer AI-1 biosynthesis

uracil degradation I (reductive)

phenylmercury acetate degradation

glucuronoarabinoxylan degradation quinate degradation I

D-galactarate degradation I

dimethylsulfoniopropanoate degradation I (cleavage)

mevalonate degradation

L-methionine degradation I (to L-homocysteine)

glutaminyl-tRNAgln biosynthesis via transamidation

D-glucarate degradation I

L-leucine degradation I

hypotaurine degradation

L-rhamnose degradation II 4-aminobutanoate degradation I

menaquinol-6 biosynthesis

nitrate reduction IV (dissimilatory)

purine deoxyribonucleosides salvage

nitrate reduction VI (assimilatory)

4-hydroxyacetophenone degradation

L-cysteine biosynthesis III (from L-homocysteine)

succinate to cytochrome bo oxidase electron transfer

beta-carotene biosynthesis

4-deoxy-L-threo-hex-4-enopyranuronate degradation

trehalose degradation IV

putrescine biosynthesis III

L-threonine degradation II

glycine cleavage

iota-carrageenan degradation

glycerol-3-phosphate to cytochrome bo oxidase electron transfer

L-glutamate degradation VI (to pyruvate)

acrylate degradation

choline degradation III

inosine-5'-phosphate biosynthesis II

5.6-dimethylbenzimidazole biosynthesis I (aerobic)

taurine degradation I

unsaturated. even numbered fatty acid beta-oxidation

maltose degradation

L-threonine degradation IV

4-aminobutanoate degradation III

naphthalene degradation (aerobic)

base-degraded thiamine salvage

L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde

S-adenosyl-L-methionine cycle II2-oxoisovalerate decarboxylation to isobutanoyl-CoA

L-proline degradation

hydrogen to trimethylamine N-oxide electron transfer

fatty acid beta-oxidation III (unsaturated. odd number) ubiquinol-9 biosynthesis (prokaryotic)

pyrimidine ribonucleosides salvage III

octane oxidation

myo-inositol degradation I

biphenyl degradation

glycerol degradation I

sulfolactate degradation III

L-arginine degradation I (arginase pathway)

pyrimidine ribonucleosides salvage II

menaquinol-9 biosynthesis

fructose degradation
6-hydroxymethyl-dihydropterin diphosphate biosynthesis I

oxalate degradation II

erythromycin D biosynthesis

Calvin-Benson-Bassham cycle

glycolysis IV (plant cytosol)

sulfoacetaldehyde degradation I

benzoate degradation II (aerobic and anaerobic)
phenylacetate degradation II (anaerobic)

L-malate degradation II

L-glutamine degradation II

acetate formation from acetyl-CoA II

incomplete reductive TCA cycleUDP-N-acetyl-D-galactosamine biosynthesis I

pyrimidine deoxyribonucleotides de novo biosynthesis III

L-lysine fermentation to acetate and butanoate

formate assimilation into 5.10-methylenetetrahydrofolate

testosterone and androsterone degradation to androstendione

putrescine degradation II

taurine degradation IV

propanoyl CoA degradation Ivanillin and vanillate degradation I

NAD phosphorylation and transhydrogenation

oleate beta-oxidation

kojibiose degradation

hydroxymethylpyrimidine salvage

pyruvate fermentation to ethanol III

heptaprenyl diphosphate biosynthesis

GDP-L-fucose biosynthesis I (from GDP-D-mannose)

hydrogen oxidation II (aerobic. NAD)
(R)-acetoin biosynthesis II

sulfite oxidation III

thiamine formation from pyrithiamine and oxythiamine (yeast)
3-methylthiopropanoate biosynthesis

cellulose biosynthesis
adenosylcobalamin salvage from cobinamide I

spermine biosynthesis

L-isoleucine degradation I

chlorinated phenols degradation

2-aminoethylphosphonate degradation I

adenosylcobalamin salvage from cobinamide II

gellan degradation

8-amino-7-oxononanoate biosynthesis III

cyanophycin metabolism

D-galacturonate degradation I

porphyran degradation

polyhydroxybutanoate biosynthesis

adenine salvage

sulfoacetaldehyde degradation II

methylerythritol phosphate pathway II

L-asparagine biosynthesis III (tRNA-dependent)

sulfate reduction V (dissimilatory)

formate oxidation to CO2

phospholipases

GDP-D-perosamine biosynthesis

L-selenocysteine biosynthesis I (bacteria)

dimethylsulfoniopropanoate degradation III (demethylation)

ADP-L-glycero-beta-D-manno-heptose biosynthesis

adenosylcobalamin salvage from cobalamin2.5-dichlorotoluene degradation

inosine-5'-phosphate biosynthesis II

sucrose degradation III (sucrose invertase)

glycerol-3-phosphate to fumarate electron transfer

reductive monocarboxylic acid cycle

fatty acid biosynthesis initiation II
L-homocysteine biosynthesis

UDP-glucose biosynthesisKdo transfer to lipid IVA II

2-oxoglutarate decarboxylation to succinyl-CoA

acetate conversion to acetyl-CoA

octaprenyl diphosphate biosynthesis

L-asparagine degradation I

glycine biosynthesis III

trans. trans-farnesyl diphosphate biosynthesis

guanosine ribonucleotides de novo biosynthesis

adenosine deoxyribonucleotides de novo biosynthesis

mannitol degradation I

glutathione-glutaredoxin redox reactions

L-arginine biosynthesis II (acetyl cycle)L-glutamine degradation I

vanillin and vanillate degradation II

flavin biosynthesis I (bacteria and plants)

D-galactarate degradation II

L-alanine biosynthesis I

pectin degradation III

glutathione amide metabolism

L-arginine degradation I (arginase pathway)

putrescine biosynthesis I

sulfolactate degradation II

gellan degradation

urate degradation to allantoin I

pyrimidine ribonucleosides salvage I

aerobic respiration I (cytochrome c)

thio-molybdenum cofactor biosynthesis

pyridoxal 5'-phosphate biosynthesis I

adenosine nucleotides degradation III

4-hydroxyphenylpyruvate biosynthesis

anthranilate degradation I (aerobic)

N-acetylglucosamine degradation I

sulfate reduction III (assimilatory)

autoinducer AI-2 biosynthesis I

N10-formyl-tetrahydrofolate biosynthesispyrimidine deoxyribonucleotides dephosphorylation

chlorosalicylate degradation

arginine dependent acid resistance

trehalose biosynthesis I geranylgeranyl diphosphate biosynthesisL-arginine degradation III (arginine decarboxylase/agmatinase pathway)

5-chloro-3-methyl-catechol degradation

nylon-6 oligomer degradation

L-arginine degradation VI (arginase 2 pathway)

CMP-N-acetylneuraminate biosynthesis II (bacteria)

L-malate degradation II

L-ornithine biosynthesis II

2.4-dichlorotoluene degradation

peptidoglycan maturation (meso-diaminopimelate containing)

hydrogen to fumarate electron transfer

L-dopachrome biosynthesis

fatty acid beta-oxidation III (unsaturated. odd number)

4-hydroxybenzoate biosynthesis II (microbes)

formaldehyde oxidation II (glutathione-dependent)

hydrogen production VI

succinate to cytochrome bd oxidase electron transfer

3.8-divinyl-chlorophyllide a biosynthesis I (aerobic. light-dependent)

UDP-alpha-D-glucuronate biosynthesis (from UDP-glucose)

cob(II)yrinate a.c-diamide biosynthesis I (early cobalt insertion)

cyclopropane fatty acid (CFA) biosynthesis

allantoin degradation to ureidoglycolate I (urea producing) glutathione biosynthesisfluoroacetate degradation

acyl-CoA hydrolysis

L-threonine biosynthesis

salicylate biosynthesis I

hydrogen to trimethylamine N-oxide electron transfer

lipoate salvage I

2.2'-dihydroxybiphenyl degradation

pectin degradation II

adenine and adenosine salvage II

phosphonoacetate degradation

1.2-dichloroethane degradation

lipoate biosynthesis and incorporation II

propanoyl-CoA degradation II

5.6-dimethylbenzimidazole biosynthesis I (aerobic)

pyrimidine ribonucleosides salvage III

L-rhamnose degradation II

erythromycin D biosynthesis

L-threonine degradation IV

nitrogen fixation I (ferredoxin)

hydrogen production III

TCA cycle III (animals)

adenine and adenosine salvage VI

creatinine degradation II

glycerol-3-phosphate to cytochrome bo oxidase electron transfer

L-1.2-propanediol degradation

thiamine salvage III

pyruvate fermentation to ethanol I

L-asparagine biosynthesis III (tRNA-dependent)

unsaturated. even numbered fatty acid beta-oxidation

D-galactose degradation V (Leloir pathway)
L-histidine degradation III

isopenicillin N biosynthesis

L-phenylalanine biosynthesis II

NADH to cytochrome bd oxidase electron transfer I

ethanol degradation II

glycerol degradation II

beta-alanine biosynthesis III

arachidonate biosynthesis II (bacteria)

proline to cytochrome bo oxidase electron transfer

L-proline biosynthesis III

leucine degradation IV

nitrate reduction IV (dissimilatory)

pyrimidine ribonucleosides salvage II

acrylate degradation

L-citrulline biosynthesis

pyruvate fermentation to lactate

malonate degradation I (biotin-independent)
nitrate reduction VI (assimilatory)glycerol degradation V

hydrogen production II

cholesterol degradation to androstenedione II (cholesterol dehydrogenase)

4-nitrotoluene degradation II

(R)-acetoin biosynthesis II

2-aminoethylphosphonate degradation I

L-alanine biosynthesis II

siroheme biosynthesis

sulfur reduction II (via polysulfide) hydrogen oxidation II (aerobic. NAD)

L-isoleucine biosynthesis IV

pyruvate fermentation to propanoate I

3.8-divinyl-chlorophyllide a biosynthesis III (aerobic. light independent)

L-glutamate biosynthesis II

pyruvate fermentation to ethanol III

mixed acid fermentation

heme biosynthesis I (aerobic)

formate assimilation into 5.10-methylenetetrahydrofolate

tetrapyrrole biosynthesis I (from glutamate)

ribose degradation

formate oxidation to CO2

folate transformations I

mannosylglucosylglycerate biosynthesis I

autoinducer AI-1 biosynthesis

propanoyl CoA degradation I

sulfite oxidation III

L-tryptophan degradation I (via anthranilate)

guanine and guanosine salvage II

trehalose biosynthesis IV

androstenedione degradation

nitrate reduction III (dissimilatory)

kojibiose degradation

acyl carrier protein metabolism

benzoyl-CoA degradation I (aerobic)tetrathionate reduction I (to thiosulfate)

sulfate reduction V (dissimilatory)

trehalose biosynthesis V

fructose degradationmannosylglycerate biosynthesis I

citrate lyase activation

L-lysine fermentation to acetate and butanoate

beta-alanine biosynthesis II

pyrimidine deoxyribonucleotides de novo biosynthesis III

hydrogen oxidation I (aerobic)
benzoate degradation II (aerobic and anaerobic)

glutaminyl-tRNAgln biosynthesis via transamidation S-methyl-5'-thioadenosine degradation I
glycogen biosynthesis I (from ADP-D-Glucose)

L-glutamate degradation Xphospholipases

S-methyl-5'-thioadenosine degradation II

incomplete reductive TCA cycle creatinine degradation I

adenosylcobalamin salvage from cobinamide II

UDP-D-galacturonate biosynthesis I (from UDP-D-glucuronate)

fucose degradation

pyruvate fermentation to acetate II

adenosylcobalamin salvage from cobinamide I

D-sorbitol degradation I

L-lactaldehyde degradation (anaerobic)

cellulose biosynthesis
spermine biosynthesis

diphenyl ethers degradation

D-arabinose degradation I

triacylglycerol degradation

fructan biosynthesis

L-arabinose degradation I

spermidine biosynthesis III

pyridoxal 5'-phosphate salvage I

biphenyl degradation

paraoxon degradation

testosterone and androsterone degradation to androstendione

4-hydroxyacetophenone degradation

glycocholate metabolism (bacteria)

pseudouridine degradation

parathion degradationL-glutamate degradation VI (to pyruvate)

D-serine degradation

putrescine degradation II

S-methyl-5'-thioadenosine degradation IV

citrate degradation

glutathione-peroxide redox reactions

L-ascorbate degradation II (bacterial. aerobic)

glucose degradation (oxidative)

pyruvate fermentation to acetone

ectoine biosynthesis

NAD biosynthesis from 2-amino-3-carboxymuconate semialdehyde

2-amino-3-carboxymuconate semialdehyde degradation to 2-oxopentenoate

cyanate degradation

sulfoquinovosyl diacylglycerol biosynthesis

formaldehyde assimilation II (RuMP Cycle)

xylose degradation I

thymine degradation

GDP-L-fucose biosynthesis I (from GDP-D-mannose)

reductive acetyl coenzyme A pathway I (homoacetogenic bacteria)

L-methionine degradation I (to L-homocysteine)

phenylmercury acetate degradation

formaldehyde assimilation I (serine pathway)

protocatechuate degradation II (ortho-cleavage pathway)

N6-L-threonylcarbamoyladenosine37-modified tRNA biosynthesis hydrogen to dimethyl sulfoxide electron transfer

4-deoxy-L-threo-hex-4-enopyranuronate degradation

S-adenosyl-L-methionine cycle II

hyaluronan degradation

sulfoacetaldehyde degradation I
octane oxidation

sulfur reduction I
purine deoxyribonucleosides salvage

S-methyl-5'-thioadenosine degradation III

arsenate detoxification II (glutaredoxin)

glycine cleavage

L-histidine degradation II

mevalonate pathway I

vanillin and vanillate degradation I

D-mannose degradation

acetoin degradation

L-isoleucine degradation I

GDP-mannose biosynthesis

salicylate degradation IV

TCA cycle VIII (helicobacter)

L-threonine degradation II

uracil degradation I (reductive)

L-phenylalanine degradation I (aerobic)

ubiquinol-9 biosynthesis (prokaryotic)

4-aminobutanoate degradation I

ubiquinol-7 biosynthesis (prokaryotic)cis-vaccenate biosynthesis

succinate to cytochrome bo oxidase electron transfer

myo-inositol degradation I

urate biosynthesis/inosine 5'-phosphate degradation

4-aminobutanoate degradation III

glycogen degradation II

sucrose degradation II (sucrose synthase)

4-aminobutanoate degradation II
menaquinol-7 biosynthesis

porphyran degradation

L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde

phenylacetate degradation I (aerobic)

benzene degradation

L-lysine biosynthesis VI

glucosylglycerate biosynthesis I
cholesterol degradation to androstenedione I (cholesterol oxidase)

N-acetylneuraminate and N-acetylmannosamine degradation I

spermidine biosynthesis I

8-amino-7-oxononanoate biosynthesis III

geranyl diphosphate biosynthesis

6-hydroxymethyl-dihydropterin diphosphate biosynthesis I

ethanol degradation I

heptaprenyl diphosphate biosynthesis

histamine biosynthesis

menaquinol-8 biosynthesis

CDP-diacylglycerol biosynthesis I

methylsalicylate degradation

salicylate degradation I

L-tryptophan degradation II (via pyruvate)

glutaryl-CoA degradation

CDP-diacylglycerol biosynthesis III

L-methionine degradation II

UDP-N-acetyl-alpha-D-mannosaminouronate biosynthesis

chondroitin sulfate degradation I (bacterial)

methylerythritol phosphate pathway II

urea degradation II

formaldehyde oxidation V (H4MPT pathway)

NADH repair

urea degradation I

glycine betaine degradation I

coenzyme A biosynthesis I

pyruvate fermentation to ethanol II

polyhydroxybutanoate biosynthesis

L-lactaldehyde degradation (aerobic)

PRPP biosynthesis II

methylphosphonate degradation I

sulfide oxidation II (sulfide dehydrogenase)

methylerythritol phosphate pathway I

two-component alkanesulfonate monooxygenase

UDP-N-acetyl-D-galactosamine biosynthesis I

spirilloxanthin and 2.2'-diketo-spirilloxanthin biosynthesis

resorcinol degradation

heptadecane biosynthesis

chlorinated phenols degradation

homospermidine biosynthesis

cytidylyl molybdenum cofactor biosynthesis

oxalate degradation V

ethene and chloroethene degradationsucrose biosynthesis II

propene degradation

beta-carotene biosynthesis

Rubisco shunt

glucose and glucose-1-phosphate degradation

nitrate reduction X (periplasmic. dissimilatory)

di-trans.poly-cis-undecaprenyl phosphate biosynthesis

2-aminophenol degradation

NADH to cytochrome bo oxidase electron transfer Iputrescine degradation I

putrescine biosynthesis IV

demethylmenaquinol-6 biosynthesis I

demethylmenaquinol-9 biosynthesis

trehalose degradation IV

wax esters biosynthesis II

CMP-pseudaminate biosynthesis

trehalose degradation I (low osmolarity)

adenosine nucleotides degradation II

xanthine and xanthosine salvage

2'-deoxy-alpha-D-ribose 1-phosphate degradation

5-aminoimidazole ribonucleotide biosynthesis II

phosphatidylcholine biosynthesis VI

pyrimidine deoxyribonucleotides de novo biosynthesis I

L-glutamate degradation I

L-histidine degradation I

L-rhamnose degradation INAD phosphorylation and dephosphorylationchorismate biosynthesis from 3-dehydroquinate

UDP-N-acetyl-D-glucosamine biosynthesis I

adenine and adenosine salvage I

maltose degradationchitobiose degradation

2-methylcitrate cycle I

L-asparagine biosynthesis II

oxalate degradation II

3-chlorobenzoate degradation II (via protocatechuate)

thiamine diphosphate biosynthesis I (E. coli)

CDP-diacylglycerol biosynthesis II

thiazole biosynthesis I (facultative anaerobic bacteria)

molybdenum cofactor biosynthesis

L-methionine biosynthesis I

chitin degradation II

pyruvate decarboxylation to acetyl CoA

muropeptide degradation

palmitoleate biosynthesis I (from (5Z)-dodec-5-enoate)

acetone degradation II (to acetoacetate)

acetate formation from acetyl-CoA I

catechol degradation to beta-ketoadipate

L-asparagine biosynthesis I

pyrimidine nucleobases salvage I

adenine and adenosine salvage V L-threonine degradation I

L-lysine biosynthesis I

long-chain fatty acid activationbis(guanylyl molybdenum cofactor) biosynthesis

ubiquinol-8 biosynthesis (prokaryotic)

tRNA processing

folate polyglutamylation

glycerophosphodiester degradation

thiosulfate disproportionation III (rhodanese)

pyrimidine deoxyribonucleosides salvage

gondoate biosynthesis (anaerobic)

glycolysis I (from glucose 6-phosphate)

pyrimidine deoxyribonucleosides degradation

diacylglyceryl-N.N.N-trimethylhomoserine biosynthesis

L-serine biosynthesis

L-phenylalanine biosynthesis I

sulfate activation for sulfonation

oxalate degradation IV

L-isoleucine biosynthesis I (from threonine)lipid IVA biosynthesis

guanosine nucleotides degradation III

preQ0 biosynthesis

D-galactose degradation I (Leloir pathway)

dTDP-L-rhamnose biosynthesis I

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide I

1.4-dihydroxy-2-naphthoate biosynthesispurine ribonucleosides degradation

guanine and guanosine salvage IIIcob(II)yrinate a.c-diamide biosynthesis II (late cobalt incorporation)

purine deoxyribonucleosides degradation I

trehalose degradation VI (periplasmic)

pyridoxal 5'-phosphate biosynthesis II

phosphatidylcholine biosynthesis V

aromatic biogenic amine degradation (bacteria)

ethanolamine utilization

L-tyrosine biosynthesis III

naphthalene degradation (aerobic)

guanylyl molybdenum cofactor biosynthesis

biotin-carboxyl carrier protein assembly

8-amino-7-oxononanoate biosynthesis I

demethylmenaquinol-8 biosynthesis I
L-proline biosynthesis I

selenate reduction

heme biosynthesis II (anaerobic)

limonene degradation I (D-limonene)

thiazole biosynthesis II (aerobic bacteria)

L-tyrosine biosynthesis I

pyrimidine ribonucleosides degradation

CMP-3-deoxy-D-manno-octulosonate biosynthesis

UDP-D-galactose biosynthesis

tetrapyrrole biosynthesis II (from glycine)

oxidized GTP and dGTP detoxification

L-serine degradation

limonene degradation II (L-limonene)

ppGpp biosynthesis

UMP biosynthesis

L-leucine biosynthesistetrahydrofolate biosynthesis

4-aminobenzoate biosynthesis

guanosine deoxyribonucleotides de novo biosynthesis I

L-valine biosynthesisthiamine diphosphate biosynthesis II (Bacillus)

glycolysis III (from glucose)

2-O-alpha-mannosyl-D-glycerate degradation

pentose phosphate pathway (oxidative branch)

nitrate reduction IX (dissimilatory)

heparin degradation

D-galacturonate degradation I

agarose degradation

alginate degradation

beta-D-glucuronide and D-glucuronate degradation

allantoin degradation to ureidoglycolate II (ammonia producing)

L-cysteine degradation II

menaquinol-9 biosynthesis

L-leucine degradation I

hypotaurine degradation

adenine salvage

L-idonate degradation

L-proline degradation

taurine degradation I

NAD phosphorylation and transhydrogenation

2-oxoisovalerate decarboxylation to isobutanoyl-CoA

D-arginine degradation

L-sorbose degradation

Calvin-Benson-Bassham cycle

menaquinol-6 biosynthesis

L-cysteine biosynthesis III (from L-homocysteine)

D-fructuronate degradation

hydroxymethylpyrimidine salvage

glycolate and glyoxylate degradation I

UTP and CTP de novo biosynthesis

L-glutamine degradation II

fatty acid elongation -- saturated

inosine-5'-phosphate biosynthesis I

L-aspartate biosynthesis

melibiose degradation

NAD biosynthesis I (from aspartate)

[2Fe-2S] iron-sulfur cluster biosynthesis

tetrahydromonapterin biosynthesis

superoxide radicals degradation

fatty acid beta-oxidation I

thioredoxin pathway

GDP-D-perosamine biosynthesis

adenine and adenosine salvage III

PRPP biosynthesis I

TCA cycle I (prokaryotic)

anhydromuropeptides recycling

urea cycle

palmitate biosynthesis II (bacteria and plants)

L-arginine biosynthesis III (via N-acetyl-L-citrulline)queuosine biosynthesis

gluconeogenesis I
4-amino-2-methyl-5-diphosphomethylpyrimidine biosynthesis

phosphate acquisition

4.5-dichlorocatechol degradation

3.4-dichlorotoluene degradation

5-aminoimidazole ribonucleotide biosynthesis I

3-dehydroquinate biosynthesis I

adenosine deoxyribonucleotides de novo biosynthesis II

S-adenosyl-L-methionine biosynthesis

D-gluconate degradation

pyrimidine deoxyribonucleotides de novo biosynthesis II oleate beta-oxidationstearate biosynthesis II (bacteria and plants)

base-degraded thiamine salvage

sulfolactate degradation III

2.4-dichlorophenoxyacetate  degradation

glycerol degradation I

L-glutamate biosynthesis III

thiamine salvage IV (yeast)

L-glutamine biosynthesis III

L-glutamine biosynthesis I

UTP and CTP dephosphorylation I
methylglyoxal degradation I

adenosine ribonucleotides de novo biosynthesis

guanine and guanosine salvage guanosine deoxyribonucleotides de novo biosynthesis II

methanesulfonate degradation

L-lysine degradation IUDP-N-acetylmuramoyl-pentapeptide biosynthesis I (meso-diaminopimelate containing)

2.4.6-trichlorophenol degradation

biotin biosynthesis from 8-amino-7-oxononanoate I

Entner-Doudoroff pathway I

lactose degradation III

mevalonate degradation

fatty acid biosynthesis initiation I

tetrahydrofolate salvage from 5.10-methenyltetrahydrofolate

tRNA charging

carbazole degradation
L-glutamate biosynthesis I

myo-inositol biosynthesis

phosphopantothenate biosynthesis I

L-alanine biosynthesis III

L-citrulline degradation

pyrimidine deoxyribonucleotide phosphorylation

L-cysteine biosynthesis I

lipoate biosynthesis and incorporation I

phosphatidylethanolamine biosynthesis I

glyoxylate cycle

CMP phosphorylation

L-homoserine biosynthesis

L-alanine degradation IV

L-tryptophan biosynthesis

L-aspartate degradation I

glycine biosynthesis I

putrescine biosynthesis III

L-glutamate degradation II2.3-dihydroxybenzoate biosynthesis

L-ornithine biosynthesis I

xylose degradation III

L-histidine biosynthesis

pentose phosphate pathway (non-oxidative branch)

TCA cycle II (plants and fungi)

adenosylcobalamin biosynthesis from cobyrinate a.c-diamide II
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Figure S13. Box plots showing differences in genome mean size, mean number of Coding DNA 
sequences (CDS), and mean guanine-cytosine (GC) content between station groups of each site and 
each dataset.  
ED = exploratory drilling site. GPD = gas production and drilling site. Results fromWelch two 
sample t-test are shown in each box plot, with significant p-values highlighted in bold. See Fig. 2 for 
interpretation of box plots.  
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Table S1. Samples identification, coordinates and eDNA/eRNA amplification results. 
https://www-sciencedirect-
com.ezproxy.auckland.ac.nz/science/article/pii/S0141113616301428#appsec1  
 
Table S2. Analytical methods used for the laboratory analysis of the physico-chemical 
characterization of sediments.  
Adapted from Johnston et al. (2014) and Skilton et al. (2015). 

 
 
 
 
 

Analyte Method 
number Method description Detection 

limit 

Organic content (AFDW) APHA 2540 G 
22nd ed. 2012. 

Ignition in muffle furnace 550 
°C, 6 hr, gravimetric. 

0.04 g/100 
g dry wt 
0.010 

Heavy metals, trace 
As,Cd,Cr,Cu,Ni,Pb,Zn,Hg 

PSP 2002 
mod./APHA 

metals by ICP-
MS 

Dried sample, <2 mm fraction. 
Nitric/Hydrochloric acid 

digestion, ICP-MS, trace level 

0.010 - 0.4 
mg/kg dry 
w 

Total Recoverable 
Barium 

PSP 2002 
mod./APHA 

metals by ICP-
MS 

Dried sample, sieved as 
specified (if required). 1, 5, 9 

Nitric/Hydrochloric acid 
digestion, ICP-MS, trace level. 

US EPA 200.2. 

0.02 
mg/kg dry 
wt 40 

Total Recoverable Iron 
Total 

PSP 2002 
mod./APHA 

metals by ICP-
MS 

Dried sample, sieved as 
specified (if required). 1, 5, 9 

Nitric/Hydrochloric acid 
digestion, ICP-MS, screen 

level. USEPA 200.2 

40 mg/kg 
dry wt 1.0 

Total Recoverable 
Manganese 

PSP 2002 
mod./APHA 

metals by ICP-
MS 

Dried sample, sieved as 
specified (if required). 1, 5, 9 

Nitric/Hydrochloric acid 
digestion, ICP-MS, screen 

level. USEPA 200.2 

1.0 mg/kg 
dry wt 

Polycyclic Aromatic 
Hydrocarbons ESEPA 8270C 

Sonication extraction, SPE  
(solid phase extraction) 

cleanup, GC-MS SIM  (gas 
chromatography-mass 

spectroscopy selective ion 
monitoring) analysis. 

0.002 - 
0.010 
mg/kg dry 
wt 

Total Petroleum 
Hydrocarbons 

US EPA 
8015B/MfE 
Petroleum 
Industry 

Guidelines. 

Sonication extraction, Silica 
cleanup, GC-FID  (flame 

ionising detection) analysis . 

8 - 70 
mg/kg dry 
wt 
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Table S3. Diversity and taxonomic distinctness indices along a spatial gradient from wellheads for 
the environmental RNA (eRNA), environmental DNA (eDNA) and macrofaunal count data (MCD) 
datasets. 
Pseudo-F, P and R2 values from DistLM tests using fourth root transformed distance from wellheads 
are provided below. Significant values are shown in bold. 
 
 No. of OTUs 

/species 
Margalef diversity 
index 

No. of ‘reads’ 
/specimens AvTD VarTD 

Dist. eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD eRNA eDNA MCD 
0 17 13 10 5.3 3.98 3.68 14757 14465 29 70 56 92 1004 686 242 
100 23 19 21 6.6 5.56 6.46 6680 8017 44 70 70 91 973 1000 265 
250 17 15 22 5.28 4.73 6.74 5384 11038 49 72 70 94 940 1015 194 

500 25 19 26 7.04 5.52 7.63 5962 7283 68 66 68 90 1055 1014 285 
1000 23 17 22 6.82 5.41 6.66 7490 16146 51 69 67 92 986 941 242 
4000 42 29 19 11.02 7.98 6.11 16634 17746 42 63 64 92 1046 1040 268 
Pseudo-F 11.97 7.3 12.39 10.31 7.26 12.34    3.52 1.45 0.08 0.47 6.03 0.23 
P 0.02 0.01 <0.01 0.04 0.01 <0.01    0.08 0.24 0.78 0.50 0.02 0.64 
R2 0.31 0.21 0.27 0.28 0.21 0.27    0.12 0.05 <0.01 0.02 0.18 0.01 
 
 
Table S4. Operational taxonomic unit (OTU)/species richness per station.  
WH = wellhead, N = north, S= south, eRNA = environmental RNA, eDNA = environmental DNA, 
MCD = macrofauna count data. 
 
Well Station eRNA eDNA MCD 
Oi1 WH 27 27 17 
Oi2 WH 17 17 27 
Oi2 N100  14 14 37 
Oi2 S100 35 35 31 
Oi1 S100 29 29 43 
Oi2 N250 37 37 33 
Oi2 S250 19 19 44 
Oi2 N500 49 49 36 
Oi2 S500 27 27 51 
Oi2 N1000 38 37 34 
Oi2 S1000 38 38 49 
Oi2 N4000 55 55 34 

 
 
Table S5. Results from DistLM analysis of environmental RNA (eRNA), environmental DNA 
(eDNA) and macrofauna count data (MCD) datasets over the fourth root transform distance from 
wellheads. 
 
 Pseudo-F P R2 

eRNA 3.43 <0.01 0.11 
eDNA 1.68 0.02 0.06 
MCD 6.22 <0.01 0.15 
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Table S6. Number of sequence reads removed from the eDNA and eRNA datasets following each 
filtering steps.  
The number of good sequences kept for the samples investigated in the present study are shown in 
bold. 
 

Filtering steps eDNA eRNA 
Total number of reads  3,718,088 3,482,668 
Reject ambiguous forward  0 0 
Reject ambiguous reverse  0 0 
Low mean quality forward  2,147 2,496 
Low mean quality reverse  12,581 11,791 
Low mean quality contig  0 0 
Low base quality  35,277 30,876 
Not enough matching contig  903,469 909,763 
Reject contig mismatches  0 0 
No primers forward  266,945 242,652 
No primers reverse  277,242 234,237 
Mismatch in found primers  119,339 100,769 
Insufficient sequence length  419 72 
Cut sequence not found  22,701 12,067 
Good reads (Complete run) 2,077,968 1,937,945 
Good reads (Selected samples) 431,469 319,954 

 
 
Table S7. Operational taxonomic unit (OTU)/species richness per station.  
WH = wellhead, N = north, S= south, eRNA = environmental RNA, eDNA = environmental DNA, 
MCD = macrofauna count data. 
 
Well Station eRNA eDNA MCD 
Oi1 WH 21 16 7 
Oi1 S100 23 18 23 

Oi2 WH 13 10 12 
Oi2 N100  14 14 21 
Oi2 S100 27 22 19 
Oi2 N250 20 18 18 
Oi2 S250 13 11 26 
Oi2 N500 33 24 23 
Oi2 S500 16 14 30 
Oi2 N1000 23 16 19 
Oi2 S1000 23 18 25 
Oi2 N4000 42 29 19 

 
 
 



Appendices 

 118 

Table S8. Results from DistLM analysis of environmental RNA (eRNA), environmental DNA 
(eDNA) and macrofauna count data (MCD) datasets over the fourth root transform distance from 
wellheads. 
 

 Pseudo-F P R2 

eRNA 3.43 <0.01 0.11 
eDNA 1.68 0.02 0.06 
MCD 6.22 <0.01 0.15 

 
 
Table S9. Pearson correlations between fourth root of distance from wellheads and the 20 most 
abundant operational taxonomic units (OTUs) of the RNA dataset.  
Taxa with a Pearson correlation >½0.35½are in bold. 
 
Taxa Dist. (4th root) 
Nonion sp. (OTU 115) 
Monothalamid Clade (OTU 144) 
Monothalamid Clade (OTU 145) 
Globothalamid Clade (OTU 208) 
Globothalamid Clade (OTU 21) 
Globothalamid Clade (OTU 217) 
Globothalamid Clade (OTU 226) 
Reophax sp. (OTU 23) 
Globothalamid Clade (OTU 234) 
Globothalamid Clade (OTU 235) 
Globothalamid Clade (OTU 239) 
Micrometula sp. (OTU 265) 
Monothalamid Clade (OTU 297) 
Monothalamid Clade (OTU 313) 
Bathysiphon sp.1 (OTU 32) 
Monothalamid Clade (OTU 339) 
Bathysiphon sp.2 (OTU 34) 
Unidentified (OTU 371) 
Monothalamid Clade ENFOR9 (OTU 73) 
 Nemogullmia sp. OTU 95 

0.16 
0.04 
0.44 
0.29 
-0.17 
0.11 
-0.52 
0.48 
-0.39 
0.03 
0.28 
0.28 
0.59 
-0.46 
-0.61 
0.09 
0.01 
0.19 
0.39 
0.07 

 
 
Table S10. Samples identification, coordinates and environmental DNA/RNA amplification results. 
https://peerj.com/articles/3347/#supplemental-information  
 
Table S11. Read abundance and proportion of bacterial and eukaryotic environmental DNA (eDNA) 
and RNA (eRNA) per phylum, based on the trimmed by singletons datasets. 
https://peerj.com/articles/3347/#supplemental-information  
 
Table S12. Read abundance and proportion of bacterial and eukaryotic environmental DNA (eDNA) 
and RNA (eRNA) per phylum, based on the datasets trimmed by shared operational taxonomic units 
(OTUs). 
https://peerj.com/articles/3347/#supplemental-information  
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Table S13. Read abundance and proportion of bacterial and eukaryotic environmental DNA (eDNA) 
and RNA (eRNA) per phylum, based on operational taxonomic units (OTUs) removed from 
trimming by shared OTUs. 
https://peerj.com/articles/3347/#supplemental-information  
 
Table S14. Mann-Whitney U test between the near-field (≤250 m) and far-field stations ( >250 m), 
based on the removed operational taxonomic units (OTUs) of the trimmed by shared OTUs datasets 
eDNA, environmental DNA; eRNA, environmental RNA. 
https://peerj.com/articles/3347/#supplemental-information  
 
Table S15. Number of indicator operational taxonomic units (OTUs) per dataset associated with the 
near-field or far-field station groups. 

Datasets 
 Non-parametric t-test with 999 permutations  

Indicator OTUs1 

Ba
ct

er
ia

 Trimmed by singletons 
eDNA 179 
eRNA 96 

Trimmed by shared OTUs 
eDNA 127 (-29%) 
eRNA 70 (-27%) 

Eu
ka

ry
ot

e Trimmed by singletons eDNA 128 
eRNA 112 

Trimmed by shared OTUs eDNA 29 (-77%) 
eRNA 26 (-77%) 

 
1 Differences in percentage of indicator OTUs when compared to the trimmed by singletons dataset 

are displayed inside brackets. 
 
Table S16. Distance-based test for homogeneity of multivariate dispersions (Permdisp) analysis with 
999 permutations, assessing the beta-diversity variance within the near-field and far-field station 
groups. 
Deviations are from centroids. Significant p-values are in bold. 

Datasets 
 Permdisp  

F-value P-value 

Ba
ct

er
ia

 Trimmed by singletons 
eDNA 3.73 0.07 
eRNA 0.04 0.83 

Trimmed by shared OTUs 
eDNA 1.13 0.30 
eRNA 0.39 0.54 

Eu
ka

ry
ot

es
 

Trimmed by singletons 
eDNA <0.01 0.95 
eRNA 1.19 0.33 

Trimmed by shared OTUs eDNA 0.02 0.88 
eRNA 0.03 0.86 
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Table S17. Distance-based test for homogeneity of multivariate dispersions (Permdisp) analysis 
assessing the beta-diversity variance between biological replicates.  
Deviations are from centroids. Significant p-values are in bold. 

Datasets 
 Permdisp  

F-value P-value 

Ba
ct

er
ia

 Trimmed by singletons 
eDNA 5.05 0.03 
eRNA 6.64 0.04 

Trimmed by shared OTUs 
eDNA 5.28 0.03 
eRNA 3.87 0.09 

Eu
ka

ry
ot

es
 

Trimmed by singletons eDNA 3.06 0.19 
eRNA 3.47 0.21 

Trimmed by shared OTUs eDNA 2.22 0.27 
eRNA 2.65 0.24 

 
 

Table S18. Samples identification, coordinates and environmental DNA/RNA amplification results. 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S19. Macro-fauna species morphologically identified and enumerated per sample and per site. 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S20. Number of read counts for bacteria, Foraminifera and eukaryote (18S) in each 
environmental DNA (eDNA) and RNA (eRNA) sample after trimming OTUs and normalizing read 
counts among samples. 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S21. High-throughput sequencing output. 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S22. Pair-wise permutational multivariate analysis of variance (PERMANOVA) tests of the 
direction factor nested in distance categories (near-field and far-field stations) per taxa and per site. 
Dist_cat = distance categories, eDNA = environmental DNA and eRNA = environmental RNA. 
P(MC) = Monte Carlo based p-values. Significant values are in bold. 
 

Taxa 

PERMANOVA pair-wise tests 
Direction (Dist_cat) 

Far-field stations Near-field stations 
OP GPD ED OP GPD ED 

F p-value F p-value F p-value F P(MC) F P(MC) F P(MC) 
Bacteria  
(16S rRNA) 

eDNA 0.99 0.55 1.57 0.02 1.58 0.01 1.28 0.25 1.36 0.14 1.02 0.44 
eRNA 1.01 0.36 1.66 <0.01 1.36 0.09 0.93 0.49 1.36 0.15 0.69 0.68 

Foraminifera  
(SSU 37f) 

eDNA 1.13 0.03 1.18 0.02 1.13 0.05 1.55 0.10 1.41 0.13 1.20 0.17 
eRNA 1.04 0.25 1.19 <0.01 1.33 <0.01 1.27 0.22 1.46 0.13 1.02 0.24 

Eukaryotes  
(18S rRNA) 

eDNA 1.01 0.42 0.97 0.63 0.96 0.61 1.08 0.42 1.20 0.25 1.03 0.42 
eRNA 0.97 0.71 1.02 0.36 0.90 0.80 1.06 0.40 1.36 0.15 0.99 0.40 

Macro-fauna 1.12 0.22 1.22 0.09 1.23 0.07 1.80 0.05 1.35 0.17 1.17 0.37 
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Table S23. Indicator taxa of the near-field and far field station groups per site with results from the 
‘multipatt’ analyses.  
A = specificity value (probability that the surveyed site belongs to the target site group given the fact 
that the taxon has been found), B = fidelity value (probability of finding the taxon in sites belonging 
to the site group). 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S24. Bioindicators per taxonomic level for bacteria (16S rRNA), Foraminifera (SSU 37f of 
18S rRNA), eukaryotes (18S rRNA) and macro-fauna, within all sites for the near-field and far field 
station groups. 
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/science/article/pii/S0025326X17309992  
 
Table S25. Samples identification, coordinates and environmental DNA/RNA amplification results. 
https://www.researchgate.net/profile/Olivier_Laroche/publication/323376499_Thesis_Table_S25_Sa
mples_identification_coordinates_and_environmental_DNARNA_amplification_results/data/5a90e0
5f0f7e9ba4296ba6fc/S1-Table.xlsx  
 
Table S26. Pathways associated to each parent class. 
https://www.researchgate.net/profile/Olivier_Laroche/publication/323376523_Thesis_Table_S26_Pa
thways_associated_to_each_parent_class/data/5a90e13745851535bcd5a97a/S4-Table.xlsx  
 
Table S27. Number of read counts of bacterial (16S rRNA) sequences in each environmental DNA 
(eDNA) and RNA (eRNA) sample remaining after each bioinformatics step 
https://www.researchgate.net/profile/Olivier_Laroche/publication/323376500_Thesis_Table_S27_N
umber_of_read_counts_of_bacterial_16S_rRNA_sequences_in_each_environmental_DNA_eDNA_
and_RNA_eRNA_sample_remaining_after_each_bioinformatics_step/data/5a90dfb245851535bcd5a
968/S3-Table.xlsx  
 
Table S28. Welsh two sample t-test of the functional resilience score between distance categories. 
ED = exploratory drilling site. GPD = gas production and drilling site, OTUs = operational 
taxonomic units. 

Adonis 
ED GPD 

t-value p-value Pseudo-F p-value 
- 2.18 0.06 -1.69 0.11 

 
 
Table S29. Analysis of variance between the two groups of distance matrices (near-field versus far-
field stations) performed with the Adonis function and 999 permutations, for each dataset.  
ED = exploratory drilling site. GPD = gas production and drilling site, OTUs = operational 
taxonomic units. Significant p-values are in bold. 

Datasets Adonis 
(Beta-diversity) 

 ED GPD 
Pseudo-F p-value Pseudo-F p-value 

OTUs 1.89 0.003 2.32 0.001 
Edges 2.32 0.003 4.85 0.001 
Pathways 5.41 0.002 6.28 0.002 
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